













This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
 
This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given. 
 
Search for the Standard Model Higgs
boson produced in association with a
vector boson and decaying to a b-quark






















A thesis submitted in fulfilment of the requirements





An important question at present in particle physics is whether the recently
discovered boson with a mass of about 125 GeV is the Standard Model Higgs
boson. A Standard Model Higgs boson with a mass of 125 GeV will predominantly
decay to b-quark pairs. This work presents the author’s contribution to the
search with the ATLAS detector for a Standard Model Higgs boson produced
in association with a W or Z boson and decaying to b-quark pairs. In order to
search for the decay modes ZH → ννbb̄, WH → `νbb̄ and ZH → `¯̀bb̄, where ` is
either an electron or muon, events with zero, one or two electrons or muons are
considered in 20.3 fb−1 of 8 TeV LHC data. A Standard Model Higgs boson is not
observed decaying to b-quark pairs, although neither is this decay mode ruled out.
A Standard Model Higgs boson with a mass of between 110 GeV and 115 GeV is
excluded. For mH = 125 GeV the observed (expected) upper limit on the cross-
section times the branching ratio is found to be 2.16 (1.07) times the Standard
Model prediction. For a Standard Model Higgs boson with a mass of 125 GeV,
the best fit signal strength is µ = 1.09 +0.43−0.42 (stat)
+0.44
−0.37 (syst) = 1.09
+0.61
−0.56.
The combined results are consistent with a Standard Model Higgs boson with
a mass of 125 GeV. The author’s own work is presented, including estimation
of systematic uncertainties on WH → `νbb̄ modelling, and future ATLAS data
selection methods for WH → `νbb̄ searches. Overviews of underlying theoretical
matters and the experimental facilities used are given.
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In ‘Timaeus’ by Plato, the natural philosopher Timaeus argues that the universe
was created according to an underlying and eternal set of rules, mathematical in
nature. He states that everything on earth is composed of fundamental particles,
of which there are four types. These four types he associates with earth, air,
fire, and water. He adds though, that these fundamental particles are only
representations of the underlying laws as we see them, and that the deeper truth
is known only by the creator [1].
In more recent times, mankind has used the scientific method to probe
the nature of the universe, leading to great advances in human understanding.
Still, we believe that the universe is composed of fundamental particles obeying
underlying laws. Humanity’s current best understanding of the universe in terms
of these fundamental particles is represented by The Standard Model of particle
physics [2]. The Standard Model includes all currently-known fundamental
particles, and describes three of the four known fundamental forces. By studying
proton-proton collisions with experiments such as the ATLAS experiment we can
probe the Standard Model further, and look for new physics in order to better
understand the universe around us.
In 2012 the ATLAS and CMS scientific collaborations announced the discovery
of a new particle with a mass of about 125 GeV [3, 4], believed to be a Higgs boson,
a fundamental particle predicted in the Standard Model and first proposed by
Professor Peter Higgs in 1964 [5]. An important question at present in particle
physics is whether this recently discovered particle is the Standard Model Higgs
boson. A Standard Model Higgs boson with a mass of 125 GeV will predominantly
1
decay to b-quark pairs (the branching ratio for this decay is predicted to be
58%). This work presents the author’s contribution to the search with the ATLAS
detector for a Standard Model Higgs boson produced in association with a W or
Z boson and decaying to a b-quark pair.
The following documents the author’s work presented in this thesis, where the
materials presented are entirely the work of the author, and where they represent
work performed jointly with other members of the ATLAS collaboration as part
of the ‘Higgs Sub-Group 5’ (HSG5) ATLAS research group. HSG5 is the ATLAS
research group focussed on the search for a Standard Model Higgs boson produced
in association with a W or Z boson and decaying to a b-quark pair.
Section 4.2 - Signal And Background Processes
The author has contributed to writing configuration scripts for the produc-
tion of Higgs boson Monte Carlo samples, as well as validating such samples.
The author co-wrote Rivet [6] analysis routines for such validation that he
and others used. This work was done as part of a larger effort by the HSG5
group and ATLAS collaboration.
Section 4.3 - Physics Objects
The author implemented alternative hadronic jet selection in the WH → `ν
analysis framework. The author, working with other members of HSG5,
investigated and compared available jet selection options, leading towards
the jet selection discussed in this thesis.
Section 4.4 - Event Selection
The author developed, implemented, and validated the WH → `ν analysis
framework event selection. This was done in collaboration with HSG5
colleagues.
Section 4.6 - Systematic Uncertainties
The author estimated systematic uncertainties for the WH → `ν signal
process, as discussed in chapter 5.
Section 4.8 - Results
Results produced by the author are presented in chapter 6.
Chapter 5
The work done in this chapter was done entirely by the author. The author
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generated all Monte Carlo samples used, writing all configuration scripts to
do so. The author also wrote all analysis code used.
Chapter 6
The author produced the results presented in this chapter himself, using as
inputs the uncertainties he calculated and presented in chapter 5. These
results make use of the fitting code written by colleagues in HSG5.
Chapter 7
The author produced the results presented in this chapter himself, using
and adapting the WH → `ν analysis framework developed in collaboration
with HSG5 colleagues. The proposals for future ATLAS WH → `ν trigger
configurations were proposed and developed by the author.
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Chapter 2
The Theory of The Standard
Model of Particle Physics
2.1 Introduction
Currently, humanity’s best understanding of the universe on a subatomic scale
is represented by The Standard Model (SM) of particle physics. It combines all
fundamental particles that have been discovered with three of the four known
fundamental forces. By studying proton-proton collisions at the ATLAS detector
we can probe the Standard Model and look for new physics in order to better
understand the universe around us.
In the Standard Model, matter and forces are described as fields. The
quanta of these fields are fundamental particles. All currently known fundamental
particles of the Standard Model, along with some of their properties, are shown
in figure 2.1.
2.1.1 Fundamental Particles of Matter
Matter in the universe is described in the SM as being made up of particles called
fermions. Fermions are defined as particles with half-integer spin.
For each fermion in the SM, there is an antifermion. As fermions make up
matter, so antifermions make up antimatter. An antifermion shares the same
properties as its partner fermion, except that it has opposite charges. It is
currently unknown though whether neutrinos and their partner antineutrinos
4
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Figure 2.1: Particles of the Standard Model of Particle Physics. From [7].
are different particles (the ‘Dirac’ formulation, after Paul Dirac [8]), or whether
neutrinos are their own antiparticles (whether they are ‘Majorana’ particles, after
Ettore Majorana [9]). Further possible differences between matter and antimatter
are currently an area of active research [10, 11, 12].
Fermions are divided into two categories: leptons and quarks. Quarks have
colour charge (see section 2.1.2 for an explanation of colour charge) whereas
leptons do not. All fermions have weak hypercharge, related to the weak force
(section 2.1.2). The fermions are also grouped into three ‘generations’. Each
generation contains two quarks, one with +2
3
electric charge and the other with
−1
3
, one −1 electrically charged lepton, and one electrically neutral neutrino.
Here, as in figure 2.1, electric charge is given in units of electron charge magnitude,
1.6× 10−19 Coulombs. It is currently not known why the fermions are arranged
into such generations, although theoretical and experimental results [13] suggest
that there are three and only three generations.
Almost all matter surrounding us in our day to day lives is comprised of
particles from the first generation of fermions: up and down quarks forming the
5
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protons (two up quarks and one down quark) and neutrons (one up quark and
two down quarks) of atomic nuclei, and electrons combining with those nuclei to
form atoms.
2.1.2 Fundamental Forces
There are four ‘fundamental’ forces that humanity has knowledge of: electromag-
netism, the weak force, the strong force, and gravity. Gravity is not included in
the SM and is instead best described by Einstein’s theory of General Relativity
[14].
The SM describes forces as interactions mediated by particles called bosons,
defined as particles with integer spin. A vector boson is a boson with non-zero
spin. A scalar boson is a boson with zero spin.
The Electromagnetic Force
Particles with electric charge are affected by the electromagnetic force, mediated
by the photon. The photon does not have electric charge or mass. As the photon
does not have electric charge, it is not affected by the electromagnetic force, so
the electromagnetic force decreases in strength proportional to 1
r2
, where r is the
distance between interacting electrically charged particles.
The Weak Force
The weak force is mediated by three massive particles, the W+ boson, the Z
boson, and the W− boson. The W bosons only couple to particles that have weak
isospin: left-handed fermions, right-handed anti-fermions, and bosons. Here left
handed means that the particle’s spin and momentum point in opposite directions.
Right-handed means that they point in the same direction. The Z boson couples
to particles with weak hypercharge or weak isospin. Weak hypercharge (Y ), the
third component of weak isospin (T3), and electric charge (Q) are related by
Q = T3 + Y/2. The W
+ and W− bosons have +1 and −1 electric charge
respectively. The Z boson is electrically neutral. Due to their mass, these




The strong force is mediated by gluon exchange between particles with colour
charge and particles with anti-colour charge. There are three colour charges, red,
green, and blue, and three corresponding anti-colour charges. Quarks carry colour
charge, while anti-quarks carry anti-colour charge. The gluon is massless and has
a superposition of both colour and anti-colour charge, so not only mediates the
strong force but is also affected by it.
αs





for an interaction involving a momentum transfer of Q GeV. It quantifies the
strength of the strong interaction coupling constant gs. The strength of the strong
interaction decreases asymptotically as the energy of the interaction increases.
This dependence is known as asymptotic freedom, and for its discovery David J.
Gross, H. David Politzer, and Frank Wilczek were awarded the 2004 Nobel Prize
in physics [15]. This dependence can be thought of as being due to higher-order
terms in a QCD interaction: loops, as shown in figure 2.2. Additional loops alter







Figure 2.2: Examples of QCD interactions. Leading order (left), one-loop
(middle), two-loop (right).
The order of the αs(Q) function used in calculations must be chosen.
Additionally, the function must be defined at some energy. Typically this is
done by fixing αs(mZ), the value of αs at the Z boson mass. Global fits to data
7
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have been performed to extract the most likely value of αs(mZ) giving a value of
αs(mZ) = 0.1184± 0.0007 [16]
2.1.3 The Higgs Boson
The Higgs boson, also a fundamental particle, is central to this thesis and will be
discussed in section 2.3.
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2.2 The Lagrangian Formalism Of The Stan-
dard Model
The Standard Model as a mathematical model can be described by a single
Lagrangian density L, given in equation 2.2.




+ iψ̄ /Dψ + h.c.
+ ψiyijψjφ+ h.c.
+ |Dµφ|2 − V (φ) (2.2)
The terms in equation 2.2 are defined below.
h.c. is the hermitian conjugate of the preceding term.
FAµν = ∂µB
A
ν − ∂µBAν − g′f ′ABCBBµBCν
where A = 0. This is the field strength tensor of U(1).
FAµν = ∂µW
A
ν − ∂µWAν − gfABCWBµW Cν
where A = 1,. . .,3. This is the field strength tensor of SU(2).
FAµν = ∂µG
A
ν − ∂µGAν − gsfABCs GBµGCν
whereA,B,C = 4,. . .,11, for the eight independent gluon colour states, or the
eight linearly independent Gell-Mann matrices/generators of SU(3). This
is the field strength tensor of SU(3) (QCD).
BAµ is the spin-1 U(1) field, where A = 0.
WAµ is the spin-1 SU(2) field, where A = 1,. . .,3.
GAµ is the spin-1 SU(3) (gluon) field, where A = 4,. . .,11.
g′ is the U(1) gauge coupling constant.
g is the SU(2) gauge coupling constant.
gs is the SU(3) gauge coupling constant.
9
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and where,
f ′ABC, fABC, and fABCs
are the structure constants of the, respectively, U(1), SU(2), and SU(3)
groups.
/D = γµDµ
γµ are the Dirac gamma matrices, where µ = 0,. . .,3.
Dµ = ∂µ − ig 12σ
aWµa − ig′ 12Y Bµ
This is the covariant derivative in the case of SU(2) × U(1).
(Dµ)αβ = ∂µδαβ − igs(tCACµ)αβ
This is the covariant derivative in the case of SU(3), when acting on a triplet
field. α and β are indices of the quark fields ψα, where α,β = 1, 2, 3.
(Dµ)AB = ∂µδAB − igs(T CACµ)AB
This is the covariant derivative in the case of SU(3), when acting on an
octet field.
t and T
These are, respectively, matrices in the triplet (fundamental) and octet
(adjoint) representations of SU(3).
[tAtB] = ifABCs t
C
[TATB] = ifABCs T
C
σa are the Pauli matrices
Y is Weak hypercharge.
yij are the Yukawa couplings between the fermion and Higgs fields.
φ is the complex scalar Higgs field, a doublet in the SM.
V (φ) = µ2|φ|2 + λ|φ|4
is the Higgs potential. µ and λ are scalar real-valued constants.
10
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One can additionally define the spin-1 photon field, (see equation 2.20):
Aµ =
1√
g2 + g′2Y 2
(gW3µ + g
′Y Bµ) (2.3)
where ψi is the fermion field spinor for fermions of type i. This then allows the
above field strength tensors to be rearranged to extract,
Fµν = ∂µAν − ∂νAµ (2.4)
which is the field strength tensor of QED.
11
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2.3 The Higgs Boson
If one only considers the first two lines of equation 2.2 then gauge invariance
requires all particles in the SM to be massless. Yet we know objects to have
mass. If we include the 3rd and 4th lines of equation 2.2, the mechanism of
electroweak symmetry breaking proposed by by Brout, Englert, Higgs, Kibble,
Hagen, and Guralnik [5, 17, 18, 19, 20, 21], then the fundamental particles can be
shown to acquire their masses. A consequence of this mechanism is the existence
of a complex scalar field φ, which leads to the existence of a scalar (spin 0)
particle. The existence of this particle was first proposed in 1964 by Peter Higgs
[5], and is therefore referred to as the Higgs boson.
On the 4th of July 2012, the discovery of a scalar boson consistent with
the Standard Model Higgs boson was announced by the ATLAS and CMS
collaborations [3, 4]. Subsequently Peter Higgs and François Englert were
awarded the 2013 Nobel Prize for Physics [22].
2.3.1 Electroweak Symmetry Breaking












If we consider the last line of equation 2.2:
LHiggs = |Dµφ|2 − V (φ)
= |Dµφ|2 − µ2|φ|2 − λ|φ|4 (2.6)





= 2µ2φ0 + 4λφ
3
0 = 0 (2.7)
If µ and λ are real positive, then we have the trivial solution of φ0 = 0.
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It should be noted that we are free to choose the form of φ0 such that φ
+ = 0
and φ0 = 1√
2
v, since the potential φ is invariant under rotations in the (φ+, φ0)
plane, that is to say φ is invariant under SU(2).
Figure 2.3: The Standard Model Higgs potential. Based on [23]






v +H + iφ4
)
(2.9)
The Higgs potential, as shown in figure 2.3, has a non-zero ground state, or
vacuum expectation energy, Evev = v. In fixing this ground state we have broken
the SU(2) symmetry
Oscillations around the minimum φ0 then become the Higgs boson H and
13
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three remaining fields of the Higgs potential known as Goldstone bosons [24].
These Goldstone bosons are massless unphysical fields.
To investigate what effect choosing this particular φ0 has on the fields of
SU(2)×U(1), let us evaluate equation 2.6 at φ0,
LHiggs = |Dµφ0|2 − V (φ0)
= (Dµφ0)


















σaW µa = σ
1W 1µ + σ2W 2µ + σ3W 3µ
=
(
W 3µ W 1µ − iW 2µ
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(v2 +H2 + 2vH) + λ
1
4




































2.3. The Higgs Boson
so,











g(W 1µ + iW
2
µ) g












g(W 1µ − iW 2µ)
























v2g2(W 1µ − iW 2µ)(W 1µ + iW 2µ) +
1
8




vHg2(W 1µ − iW 2µ)(W 1µ + iW 2µ) +
1
4




H2g2(W 1µ − iW 2µ)(W 1µ + iW 2µ) +
1
8
H2(g′Y Bµ − gW 3µ)2
+O(∂H)− λ1
2





From this we can see that the Higgs Lagrangian density above describes a
number of linear combinations of fields, which can be interpreted as new fields
corresponding to massive particles. We have neglected kineticO(∂H) terms above
as they do not contribute to the masses of particles or their interactions with one
another. These new physical fields are linear combinations of the SU(2), U(1)




















g2 + g′2Y 2
(gW3µ − g′Y Bµ) (2.19)





Since we have the two fields W3µ and Bµ combining to form the Zµ field, we
must also have a second field which must be a combination of the W3µ and Bµ
16
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fields but must be orthogonal to the Zµ field:
Aµ =
1√
g2 + g′2Y 2
(gW3µ + g
′Y Bµ) (2.20)





















































From this we can now read off the masses of the physical field. The mass term
for a field is quadratic in that field (and that field alone), such that the term is
equal to 1
2

















g2 + g′2Y 2 (2.25)
The field Aµ has no quadratic term in the Higgs Lagrangian density, which
is equivalent to saying that the coefficient of its mass term is zero, thus it is
massless.
mA = 0 (2.26)
The vacuum expectation energy v is determined precisely from muon decay
measurements [25, 26, 27], giving a value of v = 246 GeV [28].
The mass of the Higgs boson is the only parameter that can not be calculated
using other measurable parameters as it is dependent on λ. It is therefore a free
parameter in the SM, and must be measured independently. From measurements
17
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by the ATLAS experiment, mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV =
125.36 ± 0.41 GeV [29]. From measurements by the CMS experiment, mH =
125.02 +0.26−0.27 (stat)
+0.14
−0.15 (syst) GeV [30].
Other (non-constant) terms proportional to multiple fields in the Higgs
Lagrangian density describe the interactions between these different fields, and
so describe interactions between different particles. For example the term
1
2
vHg2W+µW−µ describes the interaction of a Higgs boson with a W
+ boson
and a W− boson. We can modify the term such that it describes a H interacting
with any two W bosons, Wµ and Wν , thusly:
1
2
vHg2gµνWµWν , where g
µν is the
metric. The interaction strength is then the coefficient of the fields, 1
2
vg2gµν , and
we can multiply this by i to obtain the Feynman rule for this interaction vertex,
i1
2











Figure 2.4: HWW Feynman diagram and Feynman rule, where the mass of the
W boson has been used to rewrite the Feynman rule in an alternative form.
We can change from a basis of (W3µ, Bµ) to a basis of (Zµ, Aµ) through a






cos θW − sin θW






θW is known as the ‘weak mixing angle’.
We can then use definitions 2.19 and 2.20 to equate,
cos θW =
g√




g2 + g′2Y 2
(2.29)
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Equation 2.30 however is only correct to leading order in QCD. θW scales
with interaction energy, as shown in figure 2.5. θW is determined through Z-pole
observables, the W mass, and low-energy precision measurements of weak neutral
current interactions [28, 31].
Figure 2.5: sin2(θW ) against interaction energy µ. Results of experimental
measurements of sin2(θW ) are shown. Theoretical predictions of sin
2(θW ) are
shown as a blue band. From [28].
We have thus seen how the Higgs Lagrangian density term (equation 2.6) in
the SM Lagrangian density (equation 2.2) causes the system to take on a non-
zero ground state value, thus breaking the symmetry of the SU(2) × U(1) ×
φ electroweak system, ‘electroweak symmetry breaking’, and causing previously
massless fields of this system to transform into physical fields with mass. We can
equate these physical fields with known massive SM particles: the W+, the W−,
the Z, and the Higgs boson. The massless Aµ field is the SM photon.
Let us also consider the Goldstone bosons that were mentioned in equation
19
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2.9. If we consider degrees of freedom, the massless SU(2) fields W 1, W 2, and W 3
each have 2 transverse polarisations (they do not have longitudinal polarisations
due to being massless and thus travelling at the speed of light), and thus each
has 2 degrees of freedom. Likewise the massless U(1) field also has 2 transverse
polarisations and thus 2 degrees of freedom. The Higgs potential has 4 scalar
fields. One becoming the scalar Higgs boson with one degree of freedom, leaving
3 fields remaining, the Goldstone bosons, each with one degree of freedom. This
adds up to a total of 12 degrees of freedom. Once the physical gauge bosons
have acquired mass through the electroweak symmetry breaking mechanism, the
W+, W−, and Z each have 3 polarisations and thus 3 degrees of freedom. The
photon remains massless and so has 2 transverse polarisations and thus 2 degrees
of freedom. The Higgs boson is a scalar and thus has 1 degree of freedom.
This again adds up to a total of 12 degrees of freedom. No degrees of freedom
have therefore been gained or lost. In becoming massive, W+, W−, and Z have
thus absorbed the degrees of freedom provided by the Goldstone bosons. The
Goldstone bosons are therefore said to have been ‘eaten’ by the massive gauge
bosons to become longitudinal polarisations.
2.3.2 Higgs Production
Prominent Higgs boson production modes at the LHC are shown in Feynman
diagrams 2.6, and their cross-sections for different Higgs boson masses are shown
in figure 2.7.
2.3.3 Higgs Decay
The Higgs boson is an unstable particle in the SM. A SM Higgs boson with a
mass of 125 GeV is predicted to have a total width ΓTOT of 4.07 MeV [32]. The
mean lifetime τ of a particle is given by τ = ~
ΓTOT
, therefore the mean lifetime of
a 125 GeV SM Higgs boson is 1.62× 10−22 s. This means that a Higgs boson will
never be directly observed in a particle detector such as the ATLAS detector. To
search for evidence of the existence of a Higgs boson, one must therefore search for
the products of its decay. The SM Higgs boson decays into a number of different
final states. These final states are shown, along with their associated branching
ratios (BR) for different Higgs boson masses, in figure 2.8.
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Figure 2.6: Feynman diagrams of Higgs boson production in proton-proton
collisions at the LHC. Top left: gluon-gluon fusion via a top-quark loop. Top
right: vector boson fusion. Bottom left: associated production. Bottom right:
top-quark fusion.
 [GeV] HM

































 H (NNLO+NNLL QCD + NLO EW)
→pp 
 qqH (NNLO QCD + NLO EW)
→pp 
 WH (NNLO QCD + NLO EW)
→
pp 
 ZH (NNLO QCD +NLO EW)
→
pp 
 ttH (NLO QCD)
→pp 
Figure 2.7: Cross sections of Higgs boson production modes in proton-proton
collisions at
√
s = 8 TeV. From [32]
.
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Figure 2.8: Branching ratios of the SM Higgs boson against Higgs boson mass.
From [32]
.
2.3.4 Production Cross-Sections And Parton Density Func-
tions
The cross-section (σ) of a given process at colliders such at the Large Hadron
Collider (LHC) is a measure of the rate at which the process occurs. The number
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where,
N = Number of times a given process will occur
σ = Cross-section of given process
L = Instantaneous luminosity. See equation 3.1
t = Time∫
L dt = Integrated Luminosity
Parton Density Functions
At the LHC (see chapter 3 section 3.2), for the collisions relevant to this thesis, the
colliding particles are protons. Since protons are hadrons, composed of multiple
quarks and gluons (partons), the cross-section of a process can be described, using
the factorisation theorem, in terms of the theoretical cross section of the process
where the colliding particles are partons, and the ‘parton density functions’
(PDFs) of the colliding hadrons. PDFs describe the densities of the different






× PDF1(x1, Q2, f1) PDF2(x2, Q2, f2)
× σ̂(parton-parton→ X) (2.32)
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where,
σ(proton-proton→ X) = Cross-section of a given process when considering the
incoming particles to be protons.
x1 = Bjorken x of parton 1. It is the fraction of the 1st
proton’s momentum carried by parton 1.
x2 = Bjorken x of parton 2. It is the fraction of the 2nd
proton’s momentum carried by parton 2.
f1 and f2 = The flavours of partons 1 and 2.
Up-quark, down-quark, gluon, etc.
Q = The energy scale of the interaction.
PDF1(x1, Q
2, f1) = The probability of finding a parton of flavour f1 (f2)
and PDF2(x2, Q
2, f2) with a fraction x1 (x2) of the 1st (2nd) proton’s
momentum, at energy scale Q2
σ̂(parton-parton→ X) = Cross-section of a given process when considering the
incoming particles to be partons.
The forms of PDFs are determined from theoretical considerations and fits to
data, and therefore have uncertainties associated with them. A number of groups
have produced PDFs, including the CTEQ Collaboration [33] as shown in figure
2.10, the MSTW Collaboration [34] as shown in figure 2.11, and the NNPDF
Collaboration [35] as shown in figure 2.12. PDFs are typically derived using data
from deep-inelastic scattering, vector boson production, vector boson rapidity
distributions, vector boson charge asymmetry, and inclusive jet production [36,
37, 38].
PDFs are made available in PDF ‘sets’. A PDF set consists of a ‘central
member’ PDF, and a PDF ‘error set’ containing n PDFs. This is shown
diagrammatically in figure 2.9. For the CT10nlo PDF set, n = 52. For the
MSTW2008 PDF set, n = 40. For the NNPDF2.3 PDF sets, n = 100. A PDF
error set is a set of PDFs suitable for estimating the uncertainty on the central
member PDF. Each PDF is fitted for a specific value of αs(mZ). All PDF sets,
except CTEQas, are fitted for a specific value of αs(mZ). The CTEQas PDF
set contains no error set, so can not be used to estimate PDF uncertainties. It
24
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does however contain 11 central member PDFs, each fitted for a different value
of αs(mZ), ranging from αs(mZ) = 0.113 to 0.123 in steps of 0.001. Table 2.1
lists the PDF sets used in this thesis. PDF error sets used are one of two types:
Hessian or Replicas.
Hessian-type PDF error sets
Hessian error sets represent variations of orthonormal PDF free parameter
eigenvectors: free parameters in the PDFs are diagonalised and rescaled
into a set of orthonormal eigenvectors. This is a change of basis from the
original parameter basis to an orthonormal eigenvector basis. Each PDF in
an error set represent a variation of one eigenvector up or down by a specified
confidence level (one sigma for MSTW2008, a 90% C.L. for CT10nlo). For
example, the CT10nlo PDFs have 26 free parameters, thus they have 26
eigenvectors. The CT10nlo error set therefore contains 52 PDFs. The first
PDF in the error set has the first eigenvector varied up (by an amount
corresponding to a 90% C.L.), with all other eigenvectors kept the same as
in the central member PDF. The second PDF in the error set has the first
eigenvector varied down. These PDFs therefore form a pair for the variation
of the first eigenvector. All other error set PDFs form pairs, corresponding
to variations of the other eigenvectors. The central member of each PDF
set with a Hessian error set is the best-fit to data, ie. with all eigenvectors
in their nominal (unvaried) positions.
Replica-type PDF error sets
Replica error sets consist of equally valid PDFs resulting from independent
fits to data. The central member of each PDF set with a replica error set






E1, E2, . . . , En
]}
Figure 2.9: Diagram of a PDF set. CM is the central member PDF. The n Ei
PDFs make up the PDF error set.
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Figure 2.10: CT10 parton density functions (PDFs) for protons, produced by
the CTEQ Collaboration. From [33] and [36]. The x and f(x, µ) of the y-
axis variables plotted are the Bjorken x and PDF(x,Q2, f) of equation 2.32.
Q2 ≡ µ2 = 4 GeV2.
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Figure 2.11: MSTW2008 parton density functions (PDFs) for protons, produced
by the MSTW Collaboration. From [34]. The x and f(x,Q2) of the y-axis
variables plotted are the Bjorken x and PDF(x,Q2, f) of equation 2.32. Q2 =
10 GeV2.
Figure 2.12: NNPDF2.3 parton density functions (PDFs) for protons, produced
by the NNPDF Collaboration. From [35]. The x and f(x, µ) of the y-
axis variables plotted are the Bjorken x and PDF(x,Q2, f) of equation 2.32.
Q2 ≡ µ2 = 10 GeV2.
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2.3. The Higgs Boson
2.3.5 WH Production At The Large Hadron Collider
The WH channel is central to this thesis. For more details on this, see chapter 4.
Let us consider this channel and its production at the LHC. The full cross-section






× PDF1(x1, Q2, f1) PDF2(x2, Q2, f2)
× σ̂(qq̄ → WH) (2.33)
where pp refers to proton-proton collisions, and qq̄ refers to quark-antiquark
annihilation.
In this chapter the partonic cross-section σ̂(qq̄ → WH) will be calculated.
The leading order processes that contribute to the WH channel are shown in











Figure 2.13: Leading order Feynman diagrams of Higgs boson production in
association with a W boson.
where,
us(p1) = The Dirac spinor of the incoming quark with four-momentum p1
v̄s(p2) = The Dirac spinor of the incoming anti-quark with four-momentum p2
p3 = The four-momentum of the outgoing Higgs boson
ε∗σ(p4) = The polarisation vector of the outgoing W boson with four-momentum p4
k = The four-momentum of the intermediate virtual W boson
v1 = The q q̄ W boson vertex
v2 = The W W Higgs boson vertex
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Figure 2.14: Leading order Feynman diagram of Higgs boson production in
association with a W boson.
The cross-section of the qq̄ → WH process to leading order is given by
equation 2.34 (see [39]):
dσ̂(qq̄ → WH) = 1
4
√








× (2π)4δ(4)(p1 + p2 − p3 − p4)
∑
λ
|M(qq̄ → WH)|2 (2.34)
where, ∑
λ
= Sum over final states.
σ̂(qq̄ → WH) = Cross-section for the qq̄ → WH process.
M(qq̄ → WH) = The matrix element for the qq̄ → WH process,
averaged over initial states.∏
f
= Product over the final state particles. f = {3, 4}.












(2π)4δ(4)(p1 + p2 − p3 − p4) is the Lorentz-invariant
phase space for a 2 to 2 process.
Given that this is a 2 to 2 interaction, and we move to the centre of mass
frame such that ~p1 = −~p2, where ~pn is the three-momentum component of the
30
2.3. The Higgs Boson
four-momentum pn, we can simplify the Lorentz-invariant phase space to give,













|M(qq̄ → WH)|2 (2.35)
where,
Ωcm = Solid angle in the centre of momentum frame.
ŝ = (E1 + E2)
2 where E1 and E2 are the energy of the q and q̄ respectively.
~p = The three-momentum of either outgoing particle in the centre of mass
frame.
To calculate the matrix elementM(qq̄ → WH) we can consider the Feynman
diagram 2.14, where each element of the diagram contributes a term to the matrix









































where V CKM is the CKM matrix. V CKMij is the element of the CKM matrix
for quarks of type i and j.















Since mq  mW we can take the limit where the quarks are massless. In this
limit, the E − |~p| terms in the spinors us(p1) and v̄s(p2) vanish:
us(p1) =
(√
E1 − λ|~p1| χλ(p̂1)√







E2 + λ|~p2| χ−λ(p̂2)√
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Since we are in the centre of mass frame, ~k = 0. Thus v̄s(p2)u
s(p1)kµkν = 0
and we can neglect the kµkν
m2W

































Γ = γν(1− γ5)ε∗ν(p4) (2.42)
We then require,∑
λ








































s term is an average over initial colours and
spins, since the incoming quark can have either red, green, or blue colour charge,
and can be either spin-up or spin-down. The anti-quark must have the colour
anticharge of the quark, and the same spin as the quark, in order to create a
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= ερ(p4)(1 + γ
5)γρ (2.45)
since (γ5)† = γ5, (γρ)† = γ0γργ0, γαγβ = −γβγα, and (γ0)2 = I4.
We can then use the following spin-sum relations:∑
s
us(p)ūs(p) = (/p+m) (2.46)∑
s














Furthermore, we can treat the quark masses as negligible, such that mq → 0
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ρ(p4) p2β γν(1− γ5)γα(1 + γ5)γργβ
]
(2.49)
Since we are interested in an unpolarised cross-section, we can sum over all


























































































2.3. The Higgs Boson
Let us then remove terms with an odd number of gamma matrices, since the








































We can then use pργρ = /p = pργ









































































4(p1 · p2) + 2
(p1 · p4)(p2 · p4)
m2W




We can then insert this into equation 2.35:

















4(p1 · p2) + 2
(p1 · p4)(p2 · p4)
m2W

















4(p1 · p2) + 2
(p1 · p4)(p2 · p4)
m2W
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Since we are in the centre of mass frame ~p1 = −~p2 and ~p3 = −~p4. We can also
equate k2 = ŝ. Therefore,

























































































since the incoming quark masses mq  ŝ and are therefore negligible.
Neglecting the incoming quark masses also leads to,
m2q = E
2 − |~p|2 = 0 (2.60)
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therefore,











W + |~p4|2 (2.63)
Furthermore,
p1 · p4 = E1E4 − |~p1||~p4| cos(θ) (2.64)
where θ is the angle between the quark four-momentum (p1) and the W boson
four-momentum (p4), and,
p2 · p4 = E2E4 − |~p2||~p4| cos(π − θ)
= E2E4 + |~p2||~p4| cos(θ) (2.65)
so,
(p1 · p4)(p2 · p4) = (E1E4 − |~p1||~p4| cos(θ))(E2E4 + |~p2||~p4| cos(θ))
= (E1E4 − |~p1||~p4| cos(θ))(E1E4 + |~p1||~p4| cos(θ))
= E21E
2
4 − |~p1|2|~p4|2 cos2(θ)
= |~p1|2(m2W + |~p4|2)− |~p1|2|~p4|2 cos2(θ)
= |~p1|2m2W + |~p1|2|~p4|2(1− cos2(θ))
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Inserting these relations into equation 2.55 gives,
























































We can also write the solid angle integration as an integration in spherical























































2.3.6 W Boson Branching Ratios
The W bosons can only decay to fermions due to mass and charge constraints.
All fermionic W boson decays then can be described by the Feynman diagram
given in figure 2.15:
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̀
, ν, or q
¯̀, ν̄, or q̄
W
Figure 2.15: Leading order Feynman diagram of W boson decay.
Let us consider the Feynman rules that will contribute to the matrix element
of figure 2.15:


















where Wff̄ refers to a W -fermion-antifermion interaction. If the fermions are
leptons then we can take the V CKMij term to be equal to 1, provided that charge
and lepton flavour are conserved at the vertex.
40
2.3. The Higgs Boson




γµ(1− γ5)V CKMvs(p3) (2.70)

















For a two-body final state in the centre of mass frame, the Lorentz-invariant














but, for this decay, ∑
λ














where Nc is the number of colour charges of the interacting fermions. Nc = 1






where ni is the number of decay-product particles of type
i. S = 1 in a two-body decay where the daughter particles are of different types,
W+ → eν̄ or W+ → quq̄d for example. S = 12 in a two-body decay where the
daughter particles are of the same type, H → qbq̄b for example.





As the mass of a W boson is much larger than any of the fermion masses,
we can neglect the fermion masses in the matrix element. Also, for all W boson
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decays S = 1. We can then write the partial width Γ for any W boson decay as,
Γ = Nc|V CKM|2Cw (2.76)
where CW is a constant.
The total width of a particle is ΓTOT =
∑
X ΓX , where the sum is over all
possible decay channels. For the W+ boson, these decay channels are shown in
table 2.2 with their corresponding values of Nc|V CKM|2. These numbers are the
same for the W− boson, with the particle-antiparticle pairs swapped to maintain
the correct charge.




quq̄d 3× (0.97427)2 = 2.84761
qcq̄s 3× (0.97343)2 = 2.84276
quq̄s 3× (0.22536)2 = 0.15236
qcq̄d 3× (0.22522)2 = 0.15217
quq̄b 3× (0.00355)2 = 0.00004
qcq̄b 3× (0.04140)2 = 0.00514
Table 2.2: W+ boson decay channels with corresponding Nc|V CKM|2 values.
V CKM from [28]
The W bosons can not decay to top-quarks due to mass constraints.
The total width of a W boson is therefore,
ΓTOT = CW × (1 + 1 + 1 + 2.84761 + 2.84276 + 0.15236 + 0.15217 + 0.00004 + 0.00514)
= 9 CW (2.77)
For a given particle decay W → X, the branching ratio of this decay will be




If we wish to consider the decay modes W → eνe and W → µνµ, then the
























Therefore the total branching ratio for a W boson decaying leptonically with
either an electron or muon in the final state will be 2
9
≈ 22%. This branching
ratio has been experimentally measured to be 21.34± 0.22% [28].
2.3.7 Higgs Boson Branching Ratios
To calculate SM Higgs boson branching ratios of interest, we must calculate the
total width ΓTOT of the Higgs boson. For this we shall consider the decay modes
H → bb̄, H → WW ∗, H → gg, H → τ−τ+, and H → ZZ∗. Other decay
modes are predicted for a SM Higgs boson: H → γγ, H → Zγ, and H → µ−µ+,
however they will not be dealt with here as their contribution to the total width
is negligible in the SM.
H → bb̄ Partial Width





Figure 2.16: Leading order Feynman diagram for a Higgs boson decay to a bb̄
pair.
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but, for this decay, ∑
λ












(2π)4δ(4)(p1 − p2 − p3)|M(H → bb̄)|2 (2.82)
where,
ΓH→bb̄ = Partial width for the H → bb̄ process.
M(H → bb̄) = The matrix element for the H → bb̄ process.
Nc = The number of colour charges of the decay product quarks.
Nc = 3 for quarks.




for the H → bb̄ process.
Given that this process has a two-body final state, we can move to the rest













|M(H → bb̄)|2 (2.83)
Furthermore, if we integrate over the solid angle dΩcm and use Ecm = mHc
2 =




|M(H → bb̄)|2 (2.84)
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where mf is the mass of each of the fermions in the decay. In this case it is
equal to the mass of the b-quark.
The Feynman rules contributing to the Feynman diagram 2.16 for the matrix

















The matrix element squared, |M(H → bb̄)|2, is then given by,










































(4p3 · p2 −m2f ) (2.88)
and,
p3 · p2 = E2E3 − ~p2 · ~p3
= E2E3 + |~p||~p|
(2.89)
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Since m2f  m2H , we can set m2f = E2n− ~pn
2 = 0, so En = ~pn. This then gives,































term can be neglected as m4f  v2vev. We then have,






























If we insert the values Nc = 3, mH = 125 GeV, mf = 4.18 GeV, and







= 2.14 MeV (2.95)
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H → τ−τ+ Partial Width















If we insert the values Nc = 1, mH = 125 GeV, mf = 1.78 GeV, and vvev =
246 GeV into equation 2.93, then we get,
ΓH→τ−τ+ = 0.13 MeV (2.98)
H →WW ∗ Partial Width





















+ 3(1− 6x2 + 4x4)| ln(x)|
+ 3








If we insert the values mW = 80.4 GeV, mH = 125 GeV, and vvev = 246 GeV
into equation 2.99, then we get,
ΓH→WW ∗ = 0.78 MeV (2.101)
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H → ZZ∗ Partial Width



















where θW is the weak mixing angle, and as with H → WW ∗, F (x) is given in
equation 2.100.







= 28.2◦, and vvev = 246 GeV into equation 2.102, then we get,
ΓH→ZZ∗ = 0.07 MeV (2.103)
H → gg Partial Width
The SM Higgs boson decays to gluon pairs via a quark loop. Each possible quark
loop contributes to the H → gg partial width with a term proportional to the
mass of the quark squared. The H → gg partial width is therefore dominated
by the top-quark loop. As an approximation, we can take the limit in which
the top-quark mass goes to infinity: mt → ∞. The H → gg partial width then








If we insert the values mH = 125 GeV, αs = 0.118, and vvev = 246 GeV into
equation 2.104, then we get,
ΓH→gg = 0.20 MeV (2.105)
H Boson Branching Ratios
Partial widths for the decays of a SM Higgs boson with mH = 125 GeV have been
calculated in equations 2.95 2.98, 2.101, 2.103, and 2.105. The total width of the
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Decay mode Branching ratio
H → bb̄ 64.5 %
H → WW ∗ 23.5 %
H → gg 6.1 %
H → τ−τ+ 3.9 %
H → ZZ∗ 2.0 %
Table 2.3: Branching ratios for the dominant mH = 125 GeV SM Higgs boson
decay modes, as calculated in this thesis.
Decay mode Branching ratio
H → bb̄ 58 %
H → WW ∗ 22 %
H → gg 9 %
H → τ−τ+ 6 %
H → ZZ∗ 3 %
H → γγ 0.2 %
H → Zγ 0.2 %
H → µ−µ+ 10−4 %
Table 2.4: Branching ratios for mH = 125 GeV SM Higgs boson decay modes.
From [32]
Higgs boson is the sum of the partial widths, ΓTOT =
∑
X ΓX .
ΓTOT = 2.14 + 0.13 + 0.78 + 0.07 + 0.20
= 3.32 MeV (2.106)
For comparison, the most precisely known value of the Higgs boson width is
ΓTOT = 4.07 MeV [32].
For a given particle decay H → X, the branching ratio of this decay will
be given by BRX =
ΓX
ΓTOT
. The branching ratios for Higgs boson decay channels
calculated in this thesis are shown in table 2.3. For comparison, the most precisely
known values of branching ratios of Higgs boson decay channels, as given in [32],
are shown in table 2.4.
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2.3.8 The WH → `νbb̄ Channel
The leading-order partonic cross-section for the SM qq̄ → WH process has been
calculated in equation 2.68.
The branching ratio of a W boson decaying leptonically with either an electron
or muon in the final state has been calculated to be 2
9
≈ 22% from equations 2.78
and 2.79.
The partial width of a SM H boson decaying to a bb̄ pair has been calculated
in equation 2.95, as well as the partial widths for the decay modes H → τ−τ+
(equation 2.98), H → WW ∗ (equation 2.101), H → ZZ∗ (equation 2.103), and
H → gg (equation 2.105). For a SM Higgs boson with mH = 125 GeV, this gives
a total width of ΓTOT = 3.32 MeV (equation 2.106). The resulting branching
ratios are shown in table 2.3. The branching ratio for a SM Higgs boson with
mH = 125 GeV decaying to a bb̄ pair is found to be 64.5%.
To calculate values for σ̂(qq̄ → WH), we assume that at least one interacting
quark is a valence quark of its parent proton. For proton-proton collisions as at
the LHC we then have the possible quark combinations shown in table 2.5, along
with the corresponding value of V CKMij .







Table 2.5: qq̄ combinations where at least one quark is a valance quark of the
proton, with corresponding V CKMij from [28]
To calculate the partonic cross section σ̂(qq̄ → WH) we will then sum over
these |V CKMij |2:∑
ij
|V CKMij |2 = (0.97427)2 + (0.22536)2 + (0.00355)2 + (0.97427)2 + (0.22522)2 + (0.00886)2
= 2 (2.107)
Using this, and where required the values listed in table 2.6, σ̂(qq̄ → WH)
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can then be plotted against
√
ŝ. This is shown in figure 2.17. For
√
ŝ = 8 TeV













Table 2.6: Values used, where required, in the calculations of distributions shown
in section 2.3.8.
 [TeV]s














 WH partonic cross-section against collision energy→ qq
Figure 2.17:
√
ŝ-dependence of σ̂(qq̄ → WH).
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σ̂(qq̄ → WH) can also be plotted against SM Higgs boson mass mH . This is
shown in figure 2.18.
 [GeV]Hm














 WH) against Higgs boson mass→ q(qσ
Figure 2.18: mH-dependence of σ̂(qq̄ → WH).
Using equation 2.69, the η-dependence of σ̂(qq̄ → WH) can be plotted. This
is shown in figure 2.19.
The total width of the SM Higgs boson is dependent on the mass of the Higgs
boson. This is shown in figure 2.20.
The resulting SM Higgs boson branching ratios are shown in figure 2.21.
σ̂(qq̄ → WH → `νbb̄) can then be plotted against SM Higgs boson mass mH .
This is shown in figure 2.22.
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η




















WH Higgs production pseudorapidity
Figure 2.19: η-dependence of σ̂(qq̄ → WH).
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 against Higgs boson massTotalΓ
Figure 2.20: mH-dependence of ΓTOT.
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 [GeV]Hm






















Figure 2.21: mH-dependence of SM Higgs boson branching ratios.
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The Standard Model of particle physics has been discussed, with focus on
electroweak symmetry breaking and the Higgs boson. The mechanism of
electroweak symmetry breaking has been derived in section 2.3.1.
As a demonstration of the underlying theory of the process, the cross-section
of the qq̄ → WH process, for
√
ŝ = 8 TeV collisions, and for a SM Higgs boson
with a mass of mH = 125 GeV, has been calculated in section 2.3.8, where it is
found to be σ̂(qq̄ → WH) = 0.154fb. However, this calculation is for the partonic
process, and so does not include PDF effects. It is also calculated to leading
order in the perturbative expansion of QCD. It is therefore not used further in
this thesis. For all cross sections used further in this thesis, full proton-proton
cross-sections, so including PDF effects, are used. Where a specific Monte Carlo
event generator (or combination of generators) is used to generate a process, the
cross-section for that process as calculated by the generator(s) is used. Table 4.1
in chapter 4 shows the cross-sections of different processes, as used in the analysis
discussed in this thesis and detailed in chapter 4.
Likewise, as a demonstration of the underlying theory of the process, the H →
bb̄ branching ratio, for a SM Higgs boson with a mass of mH = 125 GeV, has been
calculated in section 2.3.7, where it is found to be 64.5%. This calculation however
is to leading order in the perturbative expansion of QCD. More accurate estimates
of the branching ratios of a SM Higgs boson with a mass of mH = 125 GeV have
been calculated [32], as shown in table 2.4. These values are used where required





The ATLAS (A Toroidal LHC ApparatuS) Experiment [44] is a high energy
particle physics experiment for studying proton-proton collisions at never-before
observed energies. It is referred to as a ‘general purpose’ experiment as
it is designed to be able to study a wide range of particle physics topics,
from probing the Standard Model (SM) to searching for the Higgs boson,
supersymmerty (SUSY), and extra dimensions. The ATLAS Experiment consists
of the ATLAS detector, described in more detail later in this chapter, and the
ATLAS Collaboration - a group of over 3000 scientists from 38 countries and 177
different institutes working together to design, build and run the ATLAS detector,
as well as to study the data it produces. Although the members of the ATLAS
Collaboration are based all around the world, the home of the collaboration is
CERN (the European Organisation for Nuclear Research) just outside Geneva
Switzerland, where the ATLAS detector is located, as well as the Large Hadron
Collider (LHC) [45, 46, 47] that provides high energy proton collisions for ATLAS.
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3.2 The Large Hadron Collider
3.2.1 Introduction
The Large Hadron Collider (LHC) [45, 46, 47] is a particle accelerator situated
at CERN outside Geneva, Switzerland. It is roughly circular in shape and 27 km
in circumference, built into a tunnel about 100 m underground that previously
housed the Large Electron-Positron (LEP) Collider [48, 49]. The location of the
LHC can be seen in figure 3.1 and a diagram of some of the underground facilities
can be seen in figure 3.3. The LHC is designed to collide protons at center-of-
mass energies of up to 14 TeV and lead ions at center-of-mass energies of up to
5.5 TeV. These energies, being higher than any previous particle accelerator has
achieved, allow the exploration of new physics around the 1 TeV scale.
Figure 3.1: An aerial view of the location of the LHC to give a sense of scale.
Geneva airport runway is the white horizontal line above the large red ring that
marks the location of the LHC. From [50].
The LHC is also designed to create collisions (referred to as ‘events’) at
higher luminosities than have previously been achieved at other accelerators.
Instantaneous luminosity [45, 46, 47] (see equation 3.1) is a measure of number
of events per second per unit of cross-section, with units of cm−2 s−1.
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L is the instantaneous luminosity
np is the number of protons in a bunch
nb is the number of proton bunches in the LHC
f is the frequency of collisions
γ is the relativistic gamma factor for the protons
F is a geometric factor relating to the crossing angle of the proton bunches
εn is the normalised transverse beam emittance, a measure of the transverse
spatial spread of the beams
β∗ is the β function of the beams at the collision point, a measure of the spread
in momentum space of the beams
The LHC is designed to collide protons at a center-of-mass energy of 14 TeV
with a peak instantaneous luminosity of 1034 cm−2 s−1. The cross-sections (σ)
for various processes of interest as a function of center-of-mass collision energy
(
√
s) are shown in figure 3.2.
Particles are accelerated in two separate beams around the LHC, one clockwise
and the other anticlockwise. The beams are collided head-on at four points
around the LHC ring. At each of these points a detector has been built to study
these collisions. Two of these detectors, ATLAS and CMS, are general purpose
detectors designed to study a wide range of physics topics. LHCb is a detector
specialising in the study of B-hadron decays and matter-antimatter asymmetry.
ALICE is a detector designed to focus on the study of heavy ion collisions. A
diagram of the locations underground of the different detectors around the LHC
can be seen in figure 3.3.
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Figure 3.2: Cross-sections for various processes in proton-(anti)proton collisions
as a function of center-of-mass collision energy. From [51].
3.2.2 Components
The LHC is designed to accelerate protons from an energy of 450 GeV to up
to 7 TeV per beam (14 TeV center-of-mass collision energy). Therefore before
entering the LHC protons must first be accelerated from stationary up to
450 GeV. This is done by a series of smaller accelerators as shown in figure
3.4.
A bottle of Hydrogen gas is used as the source of protons for the LHC. An
electric field is used to separate the protons and electrons of the Hydrogen. The
protons are then accelerated in Linac 2, a linear accelerator, up to an energy of
50 MeV. They are then fed into the first circular accelerator in the accelerator
chain, the Proton Synchrotron Booster (PSB), which increases their energy to
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Figure 3.3: A diagram of the LHC ring to show its location and the four main
experiments around it. From [50].
1.4 GeV. Next they are fed into the Proton Synchrotron (PS) and accelerated to
25 GeV, then passed into the Super Proton Synchrotron (SPS) where they are
accelerated to 450 GeV before being directed into the LHC.
For heavy ions a different chain of accelerators is used. Vaporised lead is
stripped of its electrons and the remaining nuclei are accelerated in Linac 3 to an
energy of 4.2 MeV. They are then passed into the Low Energy Ion Ring (LEIR)
where they are collected and accelerated to 72 MeV. After this they are passed
into the PS and follow the same subsequent path as protons to the LHC.
The particle beams inside the accelerators are not continuous beams but are
separated into ‘bunches’. The LHC is designed so that each proton beam can
contain up to 2808 bunches, with each bunch consisting of 1.5×1011 protons, and
bunches from opposite beams colliding every 25 ns.
The LHC itself consist of a number of different components. There are 9300
magnets, of which 1232 are superconducting dipole magnets, each 15m long and
weighing 40 tonnes, that bend the beams around the LHC ring. The dipoles
operate at a temperature of 1.9 K and reach a peak magnetic field strength of
8.33 T. A diagram of a dipole magnet as used in the LHC is shown in diagram
3.5.
The other 8068 magnets are of higher order (quadrupoles up to dodecapoles)
and are used to focus and stabilise the beams. The beams are focused as they
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Figure 3.4: The beam production chain for the LHC and other experiments at
CERN. From [52].
enter collision points so as to increase the luminosity of the collisions and are
then defocused after each collision point to make them easier to control as they
pass around the LHC ring.
At one point around the LHC the beams pass through radio-frequency (RF)
cavities to accelerate them. The RF cavities also help constrain the protons in
a bunch by forcing them to sit in the energetically favourable minima of the RF
(called being in a ‘bucket’).
At other points around the LHC ring the beams pass through collimators [53].
These are devices where physical objects (usually blocks of carbon composites)
are moved close to the beams. Any protons that are unacceptably divergent from
the center of the beam-line will hit the collimators and scatter, so being removed
from the beam. In this way the lateral dimensions of the LHC beams can be
limited, thereby protecting equipment from being damaged by being hit by stray
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Figure 3.5: A diagram of a superconducting dipole magnet used in the LHC.
From [50].
beam protons.
When it is desired to remove beams from the LHC, either as part of routine
operation or in the case of something going wrong, the beams can be ‘dumped’.
This consists of steering the aborted beams out of the LHC ring and into graphite
blocks that act as beam stops. The beams are deflected out of the LHC ring by
‘kicker magnets’ that take 3 µs to ramp up to full field strength. Each LHC beam
must therefore contain an ‘abort gap’ of at least 3 µs between a pair of bunches
to ensure that no particles pass through the kicker magnets as they ramp on,
as this could result in beams being directed into equipment resulting in damage.
The beams are defocused before reaching the beam stops and are ‘painted’ across
the surface of the beams stops, as shown in figure 3.6. This reduces the energy
deposited at any one point on a beam stop, resulting in less damage to the beam
stops and a more effective stopping of the beams. A little fact that I believe should
be documented for posterity is that every time the LHC beams are ‘dumped’ the
noise of a toilet flushing is automatically played in the ATLAS Control Room.
3.2.3 Operational Timeline
Proton beams were first circulated in the LHC on the 10th of September 2008.
Nine days later however a serious technical fault occurred resulting in damage to
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Figure 3.6: Energy deposited on the surface of a graphite beam stop during a
proton beam dump at the LHC. The beam is ‘painted’ across the surface of the
beam stop by using magnets to deflect it in the pattern shown as it is being
dumped. From [54].
a large section of the LHC. In an electrical join between two dipole magnets a
lack of solder between two superconducting wires resulted in electrical resistance.
During high current testing a sufficient voltage built up across the join to form
an electrical arc that burnt a hole in the side of the liquid helium cryostat of one
of the dipole magnets. The resulting escape of helium created enough force to
move several of the magnets by a large enough distance to rupture the beam pipe
(normally under a vacuum). As a result soot was sucked along several kilometres
of the beam pipe. Repairs were carried out involving fixing, cleaning or replacing
53 of the dipole magnets and redesigning safety systems to avoid a similar failure
in the future. Proton beams were once again circulated in the LHC on the 20th
of November 2009. Three days later the first proton-proton collisions in the LHC
were achieved at a center-of-mass energy of 900 GeV.
In 2010 the proton beam energy was increased and on the 30th of March 2010
collisions with a center-of-mass energy of 7 TeV were achieved. During 2010 the
LHC delivered 48.9 pb−1 of integrated luminosity of proton-proton collisions to
the ATLAS detector, of which 45 pb−1 was recorded by the ATLAS detector.
In 2011 the LHC continued to collide protons at a center-of-mass collision
energy of 7 TeV. The peak luminosity of the LHC increased as the year went on,
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as shown in figure 3.7. By the end of 2011 the LHC had delivered 5.61 fb−1 of
integrated luminosity of proton-proton collisions to the ATLAS detector, of which
5.25 fb−1 was recorded. The integrated luminosity against time for proton-proton
collisions in 2011 is shown in figure 3.8.
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 10×Peak Lumi: 3.65 
Figure 3.7: Maximum instantaneous luminosity versus day in 2011, delivered to
the ATLAS detector. From [55].
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7  = 7 TeVs     ATLAS Online Luminosity
LHC Delivered
ATLAS Recorded
-1Total Delivered: 5.61 fb
-1Total Recorded: 5.25 fb
Figure 3.8: Cumulative luminosity versus day delivered to (green), and recorded
by (yellow) the ATLAS detector in 2011. From [55].
In 2012 the energy of the LHC proton beams was raised to 4 TeV per beam,
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resulting in a center-of-mass collision energy of 8 TeV. Over the course of 2012 the
LHC delivered 23.3 fb−1 of integrated luminosity of proton-proton collisions to
the ATLAS detector, of which 21.7 fb−1 was recorded. The integrated luminosity
against time for proton-proton collisions in 2012 is shown in figure 3.9.
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30  = 8 TeVs     ATLAS Online Luminosity
LHC Delivered
ATLAS Recorded
-1Total Delivered: 23.3 fb
-1Total Recorded: 21.7 fb
Figure 3.9: Cumulative luminosity versus day in 2012, delivered to the ATLAS
detector. From [55].
The Integrated luminosity against time for proton-proton collisions in 2010,
2011 and 2012 is shown in figure 3.10 showing the increase in performance of the
LHC from one year to the next.
The LHC was then shut down in early 2013 in order to upgrade various
components of both the LHC and the detectors attached to it. The LHC will be
switched back on in 2015 with an intended proton-proton center-of-mass collision
energy of 13 TeV.
For the analysis detailed in this thesis proton-proton collision data from 2011
and 2012 was used.
3.2.4 Anatomy Of A Run
Once protons are injected into the LHC at 450 GeV the LHC ‘ramps up’ in
energy, increasing the energy of the proton beams to the desired value (3.5 GeV
per beam in 2011, and 4 TeV per beam in 2012). The beams are then adjusted
and the bunches are ‘squeezed’ in the transverse plane in order to increase collision
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Figure 3.10: Cumulative luminosity versus day delivered to the ATLAS detector
for proton-proton collisions in 2010, 2011 and 2012. From [55].
luminosity. Liouville’s theorem [56] states that the density of particles in phase
space remains constant. Reducing the size of the bunches in the transverse plane
therefore results in increasing their length. The bunches roughly double in length,
reducing intra-bunch interactions and so reducing beam losses. The bunches
correspondingly decrease in transverse size by a factor of roughly 1√
2
. Next the
beams are steered into each other at the four collision points around the LHC.
Once collisions have begun the LHC declares ‘stable beams’ which allows the
detectors to make final preparations and start recording collision data. The peak
luminosity in a run is achieved at the start of the run. As the number of protons
in the beams decreases over time due to protons colliding, the luminosity of
collisions decreases. Once the luminosity has decreased by 1
e
more data can be
collected by dumping the beams, refilling the LHC with more protons and starting
collisions again. The beams are therefore dumped and the LHC energy is ‘ramped
down’ in energy, ready to accept new protons at 450 GeV. This whole process is
described as a ‘run’. During operation, runs with collisions lasting 10-15 hours
were achieved. From the dumping of beams at the end of one run to ‘stable
beams’ being declared as part of the next run a time as short as 45 minutes was
required.
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3.3 The ATLAS Detector
3.3.1 Introduction
Figure 3.11: The ATLAS detector and its main subsystems. From [50].
The ATLAS detector is the largest particle detector ever built at 44 m long,
25 m wide and weighing roughly 7000 tonnes [44]. Particle collisions provided by
the LHC occur at almost exactly the geometric center of ATLAS. The detector is
made up of different subsystems arranged to identify and measure the particles
that come out of these collisions. It is shown in figure 3.11.
3.3.2 Coordinate System
The ATLAS detector uses a right handed coordinate system. In Cartesian
coordinates the x-axis is horizontal, with the positive direction pointing towards
the center of the LHC ring. The y-axis is vertical with the positive direction
pointing upwards. The z-axis is along the beam line with the positive direction
pointing anticlockwise around the LHC ring. A cylindrical coordinate system is
also commonly used in which the radius R is defined as R =
√
x2 + y2. The
azimuthal coordinate φ is defined such that φ = 0 corresponds to the positive
direction of the x-axis. Instead of a polar angle θ, the pseudorapidity η is used
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)). η = 0 corresponds to the x-y plane perpendicular to
the beam line z-axis. Differences in rapidity, y = 1
2
ln(E+pz
E−pz ), are invariant with
respect to Lorentz boosts along the z-axis. This results in reasonably uniform
distributions in rapidity of particles from inelastic collisions. Pseudorapidity is
rapidity in the limit of massless particles.
Quantities are often referred to in terms of their transverse component: their
component in the x-y detector plane. Transverse momentum, pT, is therefore the
component of an object’s momentum perpendicular to the beam axis. Transverse
quantities are used as the initial transverse momentum of the colliding-protons
system can be taken to be zero, whereas the total momentum of the colliding-
protons system can not. This is due to proton movement within a bunch
being negligible in the transverse plane, but non-negligible along the beam axis.
Additionally, we do not know the Bjorken x of the colliding partons (Bjorken x
is the fraction of the parent proton’s momentum that a parton carries), thus can
not know the longitudinal momenta of the partons.
3.3.3 Detector Components
Magnets
Magnetic fields are used in ATLAS to bend the paths of charged particles. By
measuring the direction and curvature of the path of a particle the charge and
momentum of that particle can be determined. The transverse momentum pT of
a particle in GeV is given by pT = 0.2998 ∗ B ∗ r where B is the magnetic field
strength in Tesla and r is the radius of curvature in metres of the particle’s path
in the plane perpendicular to the magnetic field.
The ATLAS detector contains two magnetic field systems. One is a solenoid
surrounding the inner detector and providing a 2 T magnetic field. The second is
a toroidal system placed outside the inner detector, calorimeters and part of the
muon spectrometer. It consists of toroidal end-caps and a central toroid barrel.
The toroid magnet system has a magnetic field strength of 4 T at the magnets.
All the magnets in ATLAS are superconducting, and collectively store an energy
of 1.6 GJ [44].
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Figure 3.12: The ATLAS Inner Detector and its main subsystems. From [50].
The Inner Detector
The Inner Detector (ID), shown in figure 3.12, is designed to identify and
measure the paths of particles (a process known as tracking). It allows for the
reconstruction of paths of particles within |η| < 2.5, and the measurement of their
momenta using the properties of the 2 T magnetic field it is immersed. Using
multiple particle paths (tracks), the vertices from which particles have originated
can also be identified.
The ID is made up of three sub-sections: the Pixel Detector, the SemiConduc-
tor Tracker (SCT), and the Transition Radiation Tracker (TRT), each utilising a
different design. See tables 3.1 and 3.2.
The Pixel Detector is the closest to the interaction point of the three ID sub-
sections and has the highest sensor granularity. Its sensors consist of silicon
semiconductors ‘modules’ that are 250 µm thick and are divided into pixels
50 µm wide and 400 µm long. The modules are arranged into three layers in
the barrel and three end-cap disks at each end of the barrel. In total there are
1744 modules, each with 47232 pixels, leading to over 80 million pixels in the
Pixel Detector. The resulting spatial resolution of the Pixel Detector is 10 µm in
70








Pixel 80 M 95.0 %
SCT 6.3 M 99.3 %
TRT 350 k 97.5 %
Table 3.1: Number of read out channels and approximate operational fraction at
the end of 2012 for different sub-sections of the ATLAS Inner Detector.
Rφ and 115 µm in z. When a charged particle passes through a pixel it deposits
energy by energising electrons in the silicon to create electron-hole pairs, (usually
in several adjacent pixels, which are then referred to as a ‘cluster’). This energy
can be measured and recorded as a ‘hit’ with a given location.
The SCT uses silicon semiconductor sensors in strips surrounding the Pixel
Detector. Each strip is 80 µm wide and 12 cm long, and some strips are glued
together in two layers. The layers are offset by a small angle (40 mrad) in order
to improve the spatial resolution of the SCT. The resulting spatial resolution of
the SCT is 16 µm in Rφ and 580 µm in z.
The TRT is situated outside the SCT and consists of tubes, 4 mm in diameter,
filled with a mixture of xenon, CO2 and O2. As changed particles pass through
the gas mixture they ionise some of the gas. Each tube is wrapped in a gold wire
and has a second gold wire running down the center of the tube, between which a
voltage of up to 500 V is applied [57]. This allows the charge from the ionised gas
to be collected. By measuring the time taken to collect the charge the position
of the track perpendicular to the tube can be determined. It is not possible to
determine the position of the track parallel to the tube, which is z in the barrel
and R in the end-caps.
Over time the sensors of the ID have suffered from radiation damage as well
as occasional errors in the read-out electronics modules. Monitoring for errors in
read-out modules was performed and most errors were able to be automatically
fixed by reconfiguring any module found to be in error. All SCT read-out modules
were also reconfigured roughly every 30 minutes as a precaution against errors
[58]. By the end of 2012 though only a fraction of sensors in the ID were still
operational. This is shown in table 3.1.
A summary of coverage, resolution and typical number of hits per track is
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Pixel barrel |η| < 2.5 10 (Rφ), 115 (z) 3
Pixel end-caps 2.0 < |η| < 2.5 10 (Rφ), 115 (z) 3
SCT barrel |η| < 1.5 16 (Rφ), 580 (z) 8
SCT end-caps 1.3 < |η| < 2.5 16 (Rφ), 580 (z) 8
TRT barrel |η| < 1.0 130 >30
TRT end-caps 0.8 < |η| < 2.0 130 >30
Table 3.2: Summary of coverage, resolution and typical number of hits per track
for different sub-sections of the ATLAS Inner Detector.
shown in table 3.2.
Calorimeters
Figure 3.13: The ATLAS Calorimeters and their main subsystems. From [50].
The ATLAS Calorimeters are designed to absorb and measure the energy of
certain particles that pass through them. They are segmented, allowing them
to record the position in the detector of particles and physics objects they
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detect. Typically a physics object will deposit energy into several adjacent
calorimeter segments, creating a calorimeter ‘cluster’. The calorimeters are
split up into two sub-systems. The Electromagnetic (EM) Calorimeters are
designed to contain and measure the energy of electromagnetic particles such
as electrons and photons. The Hadronic calorimeters are used in conjunction
with the EM Calorimeters to measure the properties of hadronic showers.
The EM Calorimeters are made up of the Electromagnetic Barrel (EMB) and
Electromagnetic End Caps (EMEC). The Hadronic Calorimeters are made up of
the Hadronic End Cap (HEC), the Forward Calorimeters (FCal) and the Tile
Calorimeters. The layout of the ATLAS Calorimeters is shown in figure 3.13.
The calorimeters use alternating layers of materials to absorb and measure
the energy of particles. The absorber, is made of a material that is inert but
has a short radiation length X0 for EM calorimetery or interaction length λI for
hadronic calorimetery, meaning that it is very good at absorbing the energy of
incident particles. By including layers of absorber material the overall size and
cost of the calorimeters can be kept within desired limits. The active medium,
also absorbs some energy from incident particles, although not as much as the
absorber. It does however allow for the measurement of the energy that it has
absorbed. Two kinds of active medium are used in the ATLAS detector: Liquid
Argon and plastic scintilator. In liquid Argon (LAr) the Argon is ionised by
passing particles. This ionisation is then collected on electrodes in the presence
of an electric field, where it can be measured and converted into a digital signal
to be read out of the detector. In plastic scintilator, incident particles cause
photons to be emitted by the scintilator. These photons can be guided onto
photomultiplier tubes in order to generate an electrical signal that can be read
out.
Different particles incident on the calorimeters behave in different ways,
resulting in different ‘physics objects’ being identifiable. Electrons and positrons
will emit photons via bremsstrahlung. The radiation length X0 of a material
is the mean distance over which an electron will lose all but 1/e of its energy
this way. Photons will produce pairs of electrons and positrons as they pass
through the calorimeters. The mean free path for pair production by a photon
is 7/9ths of the X0 of the material it is passing through. By a sequence of these
processes incident electrons and photons will produce extended objects known as
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EMB |η| < 1.457 LAr Pb
EMEC 1.375 < |η| < 3.2 LAr Pb
HEC 1.5 < |η| < 3.2 LAr Cu
FCal |η| < 1.475 LAr Cu/W
Tile |η| < 1.7 Scintillating
plastic
Steel
Table 3.3: Summary of coverage and materials of ATLAS calorimeter sub-
systems.
electromagnetic showers. Hadronic objects will lose energy in the calorimeters
by hadronic decay and inelastic nuclear interactions, with the mean distance
travelled by a hadron before it undergoes inelastic nuclear interaction being given
by the λI of the material it is passing though. By these processes hadronic objects
produce extended physics objects known as hadronic showers or hadronic jets.
A summary of the coverage of, and materials used in, calorimeter sub-systems
is shown in table 3.3.
Muon Spectrometer
A muon will typically pass through all components of the ATLAS detector,
resulting in a single track. In order to measure the curvature of this track a
large detector system is required (since higher-pT tracks have less curvature,
and it becomes harder to measure the curvature of a track as that curvature
decreases). The Muon Spectrometer (MS) performs this task, as well as helping
to differentiate between muons and other physics objects. It is immersed in the
magnetic field of the toroid magnet (see section 3.3.3) and is comprised of ‘muon
chambers’ arranged into several different sections: in the central barrel region
(|η| < 1.0) the muon chambers are arranged in three cylindrical layers. In the
end-caps (1.4 < |η| < 2.7) they form three vertical disks. In the transition region
(1.0 < |η| < 1.4) there are four layers of muon chambers.
The layout of the ATLAS Muon Spectrometer is shown in figure 3.14.
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Figure 3.14: The ATLAS Muon Spectrometer and its main subsystems. From
[50].
Physics Objects
Different physics objects are identified and reconstructed in the ATLAS detector
using different algorithms [44]. They correspond to fundamental particles passing
through the detector, or extended objects such as hadronic jets. This is shown
in figure 3.15. By using the location information of all the hits in the ID in an
event, the tracks of charged particles can be determined [59]. All physics objects,
except neutrinos, will deposit energy in the calorimeters, which will allow for the
measurement of their energy, and also assist in the determination of their position.
The position of a physics object is determined in the detector coordinates of η
and φ.
Electrons
Electrons create hits in the ID, and deposit energy in the calorimeters. This
information is used to reconstruct their tracks, and measure their position,
energy and momentum. Typically their mass is neglected, such that their
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Figure 3.15: A cross-section of the ATLAS detector, showing how different types
of particles interact with different detector components. From [50].
energy and momentum are equal.
Muons
Muons create hits in the ID and the muon spectometer. These hits from
both subsystems are used to reconstruct their tracks [60]. With these tracks,
and the little energy they deposit in the calorimeters, their position, energy
and momentum are measured.
Hadronic jets
Jets deposit energy in the calorimeters. They may also cause hits in the
ID, leading to tracks being reconstructed and associated with the jet. This
allows for their energy and position to be determined, where the position is
determined from the centre of the energy cluster in η and φ.
Neutrinos - Missing transverse energy
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Neutrinos can not be detected by the ATLAS detector. Instead, only the
sum of all undetected momenta (including the momenta of neutrinos) can
be determined from conservation of energy and momentum in the x-y plane.
This is referred to as ‘missing transverse energy’.
Data Acquisition And Triggering
The LHC was designed to achieve a bunch-crossing rate of 40 MHz. Given that
for a single event the ATLAS detector produces 1.5 MB of data, to store all the
data for 40 M events per second would require 60 TB of data to be processed and
recorded every second, far beyond the limits of current computing technology. In
addition to this, subsystems in the ATLAS detector are not all able to produce
data at a rate of 40 MHz. Some require ‘dead time’, time during which they
cannot record data, in order to ‘reset’ and be able to once again record data.
Typically this involves reading out and clearing memory buffers built into the
detector components. Finally, not all collisions that occur in the ATLAS detector
will be interesting to physics studies being performed by the collaboration.
The ATLAS detector therefore requires a system to select which events to
save to disk. This system is the trigger system of ATLAS. The trigger system is
split into three levels of decision-making processes.
The first level, level 1 (L1), is a hardware-based system built into the ATLAS
detector itself. It is designed to very rapidly (within 2.5 µs) decide if something
interesting has happened after a bunch-crossing has occurred. It does this based
on very basic information from the calorimeters and muon systems: If part of the
detector is found to have energy deposited, where that energy is above a certain
configurable threshold and contained within a region of a certain configurable
size, then that part of the detector is identified as a ‘Region Of Interest’ (ROI).
If suitable ROIs are found by the L1 trigger then they are passed on to the next
level of the decision-making process; the level 2 (L2) trigger. The L1 trigger
passes events to L2 at a rate of about 100 kHz.
The L2 trigger is software based, located on machines in a cavern adjacent to
the ATLAS cavern. It has access to data from all of the ATLAS detector, although
it processes data based on the ROI passed to it from the L1. It gives a more
complete picture of an event than the L1 trigger gives, although in the interests
of speed it does not do a full event reconstruction. Based on a configurable trigger
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‘menu’, the L2 will decide to pass an event on to the next stage in the trigger
system if it finds that the event has criteria that match one or more possible
options in the menu. The next stage in the trigger system is the Event Filter
(EF) to which the L2 passes events at a rate of about 2.5 kHz.
The EF is also a software based trigger, located on the same group of machines
as the L2. Given that it has fewer events per second to process than the L2 it can
perform a more detailed reconstruction of each event, allowing for more detailed
trigger menus to be used, and more accurate measurements of physics objects to
be used in trigger decisions. The EF outputs events at a rate of about 80 Hz,
equivalent to about 200 MB/s. These events are then written to disk.
The L2 and EF are collectively known as the High Level Trigger (HLT).
Since they run on the same group of machines, each machine can be individually
configured to run either L2 or EF software, allowing the computing power for
each stage in the HLT to be adjusted as required based on the trigger menus
being used at the time.
A further consideration for each level in the trigger system as to whether
to pass an event on to the next stage is the limitation of output bandwidth. If
more events pass trigger requirements at a certain stage than it is possible for that
stage to output, or if more events pass a certain trigger menu item’s requirements
than we desire to dedicate our bandwidth to, then a certain fraction of those
events will have to be rejected. To do this each individual trigger menu item can
be ‘prescaled’ meaning that only a certain fraction of the events that pass that
trigger menu item’s criteria will be output to the next stage in the trigger system.
For example, say that we have a trigger menu item that says we should accept
events that contain a hadronic jet with a pT greater than 50 GeV. It may be that
more events occur per second that pass this requirement than we want to record
(as they would otherwise use up too much bandwidth, say). We can then prescale
this trigger so that only an acceptable fraction of the events that pass this trigger
are passed on to the next stage in the trigger system. A prescale of 100 would
mean that only one in 100 events that pass this trigger would be passed on to the
next stage in the trigger system. This is done by randomly selecting applicable
events with a probability of 1 %.
Data that is saved to disk is then later fully reconstructed offline.
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Chapter 4
Search For The Standard Model
Higgs Boson In The WH → `νbb̄
Channel
4.1 Introduction
The Brout, Englert, Higgs (BEH) mechanism and the associated Higgs boson were
first proposed in 1964 [5] and incorporated into the Standard Model by Weinberg
in 1967 [2]. For many years since then the Higgs boson has been searched for
[61, 62], however it was not until 2012 that a particle with properties consistent
with a Standard Model Higgs boson was first found by the ATLAS and CMS
collaborations at CERN [3, 4]. Further measurements of this newly-discovered
particle have strengthened the hypothesis that it is a SM Higgs boson with a
mass, as measured by the ATLAS collaboration, of mH = 125.36 ± 0.37(stat) ±
0.18(syst) GeV = 125.36 ± 0.41 GeV [29]. The CMS collaboration measures its




−0.15 (syst) GeV [30]. Not all properties of
a SM Higgs boson have been observed or excluded from possibility in this new-
found particle however. For example, a SM Higgs boson with a mass of 125 GeV is
expected to have a branching ratio to b-quark pairs of 58 % [32]. This new-found
particle has not yet been observed decaying to bb̄ pairs. Nor has it been shown
to not decay to this final state. Furthermore, it has not been observed decaying
to any types of fermions, although there is evidence for Higgs boson to tau-pair
decays [63]. It is therefore important to search for this decay mode in order to
further ascertain whether this new-found particle is indeed consistent with a SM
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Higgs boson. Additionally, observation of Higgs to b-quark pair decays would
allow for the measurement of the coupling strength of Higgs boson to b-quarks.
This would be an important test of whether the Higgs boson couples to fermions
as the Standard Model predicts.
A search for H → bb̄ is not straightforward however. b-quarks hadronise to
produce hadronic jets. It is possible to estimate, with a given efficiency, whether a
given hadronic jet has originated from a b-quark. This is known as ‘b-jet tagging’
or just ‘b-tagging’. However, even with this identification procedure there is still
a large background from QCD multijet production, (this background has a cross-
section of roughly 5× 107 times the expected cross-section of a SM Higgs boson
signal [64, 51]). In order to reduce contributions from backgrounds, features of
the production of a Higgs boson can be used: if a Higgs boson is produced in
association with a vector boson (see chapter 2, section 2.3.2) then the decay of this
vector boson can be searched for. This extra requirement on the event topology
reduces contribution from QCD background processes by a factor of roughly 1
190
.
In the ATLAS search for H → bb̄ decays in association with a vector boson
both the production of a Higgs boson in association with a W boson and in
association with a Z boson are considered and targeted. The search is split into
three orthogonal channels, with final states containing either zero, one, or two
electrons or muons. These target, respectively, the vector boson decay modes
Z → νν̄, W → `ν, and Z → `¯̀, with ` = e or µ. These three channel are referred
to as the ‘0-lepton’, ‘1-lepton’, and ‘2-lepton’ channels, respectively.
The search is also split into bins of vector boson pT (p
V
T), number of jets in the
final state, b-jet tagging likelihood, and b-jet pair invariant mass (mbb̄). Bins with
larger pVT typically have larger signal-to-background ratios, but fewer events. This
binning allows the analysis to be optimised separately in each bin, and increases
the overall sensitivity of the analysis.
In this chapter a cut-based search for the Standard Model Higgs boson in
the WH → `νbb̄ process with the ATLAS detector will be presented. The
combination of this result with the ZH → ννbb̄ and ZH → ``bb̄ cut-based
searches [65] will also be presented in this chapter. The combination of these
searches is referred to as V H → bb̄ for brevity, where V refers to a vector boson,
either a W or Z boson. Where there are differences between the WH and ZH
cut-based searches, these will be presented in this chapter.
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4.2 Signal And Background Processes
Signal and background processes occurring in this analysis are listed in table 4.1.
Also shown in this table are the Monte Carlo event generator programs used to
model the processes. For more information on background modelling see section
4.5. The cross-section for each sample generated, as well as the number of Monte
Carlo events generated, are also shown.
Process Event Generator Used σ Number of Events
qq̄ → WH Pythia 8 704.6 fb 3 M
qq̄ → ZH Pythia 8 382.8 fb 6 M
gg → ZH Powheg Box + Pythia 8 32.46 fb 800 k
W + jets Sherpa 1.4.1 12.07 nb 390 M
Z + jets Sherpa 1.4.1 7.95 nb 164 M
WW Powheg Box + Pythia 8 52.44 pb 10 M
WZ Powheg Box + Pythia 8 9.241 pb 15 M
ZZ Powheg Box + Pythia 8 3.171 pb 15 M
QCD multijet Derived from data - -
Top-quark:
tt̄ Powheg Box + PYTHIA6 256.89 pb 100 M
t-channel AcerMC + PYTHIA6 87.76 pb 9 M
s-channel Powheg Box + PYTHIA6 5.61 pb 6 M
Wt-channel Powheg Box + PYTHIA6 22.37 pb 20 M
Total generated
- 20.46 nb 729 M
background
Table 4.1: Signal and background processes of the V H → bb̄ analysis, with event
generators used to generate corresponding Monte Carlo samples, cross-section for
each sample as reported by the event generator used, and the number of Monte
Carlo events generated. For signal processes, only numbers for themH = 125 GeV
mass point are listed. However, signal Monte Carlo samples were created for Higgs
mass points of mH = 100 to 150 GeV in 5 GeV intervals.
In the 0-lepton channel, the main backgrounds are Zbb and tt̄, with a smaller
contribution from Wbb. The tt̄ background contributes predominantly in the
lower pVT bins. In the 1-lepton channel, the main backgrounds are Wbb and
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tt̄. There are also contributions from the QCD multijet and single-top-quark
backgrounds (mostly Wt for the latter). While contributions from tt̄ tend
to decrease with increasing pVT , contributions from Wbb tend to increase with
increasing pVT . In the 2-lepton channel, the main background is Zbb, with a
smaller, but still significant, contribution from tt̄ in the lower pVT bins.
20.3 fb−1 [66] of
√
s = 8 TeV proton proton collision data was analysed in this
H → bb̄ search. The collisions were provided by the LHC in 2012 with stable
beam conditions. The data was collected with the ATLAS detector where all




Physics objects (see section 3.3.3) are items identified and reconstructed in the
ATLAS detector such that they can be used in physics analyses [44].
4.3.1 Particle Tracks
Tracks of charged particles with a pT > 400 MeV are reconstructed and as such
are available for further physics analysis.
4.3.2 The Primary Vertex
The primary vertex, the interaction point identified as the origin for physics
processes of interest in an event, is chosen to be the reconstructed vertex with
the highest sum of associated-track transverse momenta squared,
∑
p2T, and is
required to have at least three reconstructed tracks associated with it.
4.3.3 Electrons And Muons
Electrons and muons in this analysis [67, 68, 69] are split into three categories,
known as loose, medium, and tight leptons, in order of increasing accuracy of
measurement and likelihood of correct identification of the leptons.
Loose leptons are required to have transverse energy ET > 7 GeV. Addition-
ally, an isolation requirement is applied: the scalar sum of the pT of tracks within
∆R =
√
(∆η)2 + (∆φ)2 = 0.2 of the lepton-candidate track, excluding the lepton-
candidate track, must be less than 10 % of the pT of the lepton-candidate track.
Loose electrons must be within |η| < 2.47, the coverage of the ATLAS inner
detector. They must also pass likelihood identification criteria known as ‘very
loose likelihood’ [68]. Loose muons are split into three categories to maximise
acceptance. The first category consists of muons reconstructed in both the inner
detector and the muon spectrometer. These requirements limit these muons to
0.1 < |η| < 2.5. These muons must also have impact parameters with respect
to the primary vertex, the distance of closest approach of the muon-track to the
primary vertex, of less than 1 mm along the ATLAS detector z-axis (the beam
line), and less than 0.1 mm in the x-y plane. Muons in the second category
must have pT > 20 GeV, have a track in the inner detector within |η| < 0.1,
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and be identified in the calorimeters. They must also have impact parameters
with respect to the primary vertex of less than 1 mm along the z-axis, and less
than 0.1 mm in the transverse x-y plane. Muons in the third category must have
|η| > 2.5 and be reconstructed in the muon spectrometer.
Medium leptons must pass all the criteria for loose leptons, but must also
have pT > 25 GeV. In addition, medium muons must be reconstructed in
both the inner detector and the muon spectrometer, thus they must be within
0.1 < |η| < 2.5.
Tight leptons must fulfil the medium-lepton criteria. Additionally, a tighter
isolation requirement is applied:, the sum of energy deposited in the calorimeters
within ∆R = 0.3 of the lepton candidate, excluding energy associated with the
lepton candidate, must be less than 4 % of the lepton candidate energy. Also,
the scalar sum of the pT of tracks within ∆R =
√
(∆η)2 + (∆φ)2 = 0.2 of the
lepton-candidate track, excluding the lepton-candidate track, must be less than
4 % of the pT of the lepton-candidate track. Finally, tight electrons are also
required to pass ‘very tight likelihood’ identification criteria [68].
4.3.4 Hadronic Jets
Hadronic jets are reconstructed [70] using an anti-kt algorithm [71] with a radius
parameter of 0.4. Jets are corrected for detector and multiple-collision (‘pile-up’)
effects [72, 73, 74]. Jets must have pT > 20 GeV and |η| < 4.5. Additionally,
for jets with pT > 50 GeV and |η| < 2.4, the scalar sum of pT of tracks matched
to the jet and originating from the primary vertex must be at least 50 % of the
scalar sum of pT of all tracks matched to the jet.
4.3.5 b-Tagged Jets
For each hadronic jet with |η| < 2.5 in an event, the likelihood of that jet having
originated from a b-quark is estimated. This is referred to as b-jet tagging, or
b-tagging. An ATLAS-specific algorithm, MV1c, is used in this analysis for b-
tagging. It is an improved version of the MV1 algorithm [75, 76, 77] with better
c-jet (jets originating from charm-quarks) rejection. The MV1c algorithm has
been chosen as it allows for improved suppression of the tt̄ background. At low
pVT the tt̄ background predominantly contains bb events (events containing two b-
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jets), but at high pVT the tt̄ background predominantly contains bc events (events
containing one b-jet and one c-jet). The analysis is most sensitive at higher pVT ,
so the MV1c algorithm allows for better suppression of the tt̄ background in
this high-sensitivity analysis region. The MV1c algorithm uses a neural network
with inputs from various algorithms based on track impact parameters or the
reconstruction of b-hadron or c-hadron decay vertices. It then outputs a weight,
w, that can have a value between 0 and 1, related to the probability that the jet
in question originated from a b-quark. Three ‘operating points’ for the output
weight of the MV1c algorithm have been calibrated, corresponding to average
b-jet identification efficiencies of 50 %, 70 %, and 80 %. These operating points
are, respectively, referred to as ‘loose’, ‘medium’, and ‘tight’. Table 4.2 details the
w values corresponding to these operating points. For the MV1c algorithm, the
rejection factors for c-jets and light jets at different operating points are shown
in table 4.3, where a rejection factor is the inverse of an efficiency, as shown in
equation 4.1. For details on how these operating points are used to define signal
and control regions in the analysis, see section 4.4.





Table 4.2: Operating points of the MV1c b-jet tagging algorithm, with
corresponding b-jet tagging efficiencies, and w values, where w is the output
of the MV1c algorithm.
rejection factor =
total number of jets
number of jets tagged as b-jets
(4.1)
Monte Carlo samples are corrected for differences between b-tagging effi-
ciencies in data and in Monte Carlo samples, and also for differences in b-
tagging efficiencies between different Monte Carlo samples. For this, MV1c w
distributions are calibrated separately for b-jets (using tt̄ events [78],[76]), c-
jets (using D∗ events [79]), and for light jets (using dijet events [80]). These
calibrations are used to determine scale factors by which Monte Carlo events
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Operating point b-tagging efficiency [%]
c-jet Light jet
rejection factor rejection factor
Loose 80 3 29
Medium 70 5 136
60 10 454
Tight 50 26 1388
Table 4.3: Rejection factors of the MV1c b-jet tagging algorithm, for c-jets and
light jets, at different operating points. ‘Rejection factor’ is defined in equation
4.1, and is the inverse of an efficiency.
are reweighted to match the b-tagging efficiencies found in data. Scale factors
are binned in jet MC-truth-flavour, pT, η, and w. For Monte-Carlo-to-data
corrections, the PYTHIA6 events generator is used. Separate scale factors are
determined for other event generators, to correct their MV1c w distributions, and
thus their b-tagging efficiencies, to match the PYTHIA6 distributions. Monte-
Carlo-to-data scale factors, before global fits to data (see section 4.7 for details
of the global fit), and unfolded from distributions after global fits to data, are

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To avoid double counting physics objects, identifying something as both a lepton
and a jet for example, ‘overlap removal’ criteria are applied. Firstly all leptons
and jets are identified independently. If a jet and an electron are separated by
∆R < 0.4 then the jet is discarded. If a jet and a muon are separated by ∆R < 0.4
then the jet is discarded if it has less than four particle tracks associated with
it, otherwise the muon is discarded. If a muon and an electron are separated by
∆R < 0.2 then the electron is discarded, unless the muon has only been identified
in the ATLAS calorimeters in which case the muon is discarded instead.
4.3.7 Missing Transverse Energy
To account for energy from collisions that is not detected by the ATLAS detector,
such as energy from neutrinos, the vector sum of transverse momenta associated
with energy clusters in the calorimeters, with |η| < 4.9, is calculated, and
the negative of this vector is taken to be the non-detected ‘missing’ transverse
momentum vector sum, EMissT [81]. This E
Miss
T is additionally corrected for
calibrations of reconstructed physics objects in the event. A track-based missing
transverse momentum vector is also calculated, pMissT . It is the negative of the
vector sum of the transverse momenta of tracks associated with the primary
vertex with |η| < 2.4.
4.3.8 Physics Object Corrections
Monte Carlo samples are also corrected in the analysis for differences between
those samples and data in trigger efficiencies, lepton reconstruction and identifi-




The choice of event selection criteria used in this analysis is optimised for the
search of a Higgs boson with mH = 125 GeV. Events in the 0-lepton channel
must pass EMissT triggers. For the 1-lepton channel, single-lepton triggers are used.
For the 2-lepton channel, either single lepton, di-electron, or di-muon triggers are
used. Triggers used are listed in table 4.4. Requirements on different variables
in these different channels and pVT bins are shown in table 4.5. Items in bold
refer to the four-vector of the item. Items not in bold refer to scalar quantities:


















































































































































































































































































































































































































































































































































































































pVT [GeV] 0− 90(∗) 90(∗) − 120 120− 160 160− 200 > 200







T ) < π/2
min[∆φ(EMissT ,pjet)] − > 1.5
∆φ(EMissT ,pdijet) > 2.2 > 2.8∑Njets=2(3)
i=1 p
jeti
T [GeV] > 120 (NU) > 120 (150)
1-lepton channel selection
mWT [GeV] < 120
` accepted µ only µ or e
HT [GeV] > 180 −
EMissT [GeV] − > 20 > 50
2-lepton channel selection
m`` [GeV] 83− 99
EMissT [GeV] < 60
Table 4.5: Event selection criteria of the V H → bb̄ analysis. Sections marked
‘NU’ are Not Used in the analysis. (*) For the 0-lepton channel, the bin edge
separating the first and second pVT bins is set to 100 GeV rather than 90 GeV. In
all channels, the highest-pT b-tagged jet must also have a pT > 45 GeV.
The variables in table 4.5 not defined elsewhere in this chapter are as follows:
• ∆R(pjet1 ,pjet2) is the separation ∆R between the two highest-pT jets in the
event.
• ∆φ(EMissT ,pMissT ) is the separation in φ between the EMissT vector and the
pMissT vector.
• min[∆φ(EMissT ,pjet)] is the separation in φ between the EMissT vector and
the closest jet.










• mWT is the transverse mass of the W boson candidate, defined to be
mWT =
√







• HT is the scalar sum of EMissT , the transverse momenta of the two highest-pT
jets in the event, and the transverse momentum of the charged lepton in
the 1-lepton event.
• m`` is the invariant mass of the lepton pair in the 2-lepton channel. If these
two leptons have come from the decay of a Z boson, then m`` should be
close to the Z mass.
Each selected event must have either two or three jets. These jets must have
|η| < 2.5 since this is the range in which b-jet tagging can be performed. Exactly
two of these jets must be tagged as having come from b-quarks for the event to
be considered as a potential signal event. The ‘leading’ b-tagged jet (the b-tagged
jet with the highest pT) must have pT > 45 GeV. Plots of ∆R(pb-jet1 ,pb-jet2), the
separation ∆R between the two b-tagged jets in an event, against the dijet mass
mbb̄ are shown in figure 4.2. Events where only one, or none of the three jets are
tagged as having come from b-quarks are also retained, but are used as ‘control
regions’ to help constrain backgrounds. These b-tagging regions are shown in
table 4.6.
1st jet
Not b-tagged Loose Medium Tight
2nd jet






Table 4.6: b-jet tagging regions used in the V H → bb̄ analysis. The ‘Loose’,
‘Medium’, and ‘Tight’ terms refer to the b-tagging operating points discussed
in section 4.3.5, corresponding to b-tagging efficiencies of 50%, 70%, and 80%,
respectively.
In the signal regions in table 4.6, TT, MM, and LL, also known as the ‘2-tag’
regions, the 4-vectors of the two b-tagged jets are summed to calculate the dijet
mass. This is the mass of a Higgs boson candidate. The ‘1-tag’ and ‘0-tag’ regions
are used as control regions. In the ‘1-tag’ regions a dijet mass is formed from
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the b-tagged jet and the highest pT non-b-tagged jet. In the ‘0-tag’ region a dijet
mass is formed from the two highest pT jets. By splitting the 2-tag region into
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Figure 4.2: Plots showing the correlation between the dijet mass mbb̄ and
∆R(b1, b2) = ∆R(pb-jet1 ,pb-jet2), the separation ∆R between the two b-tagged
jets in an event. The middle and lower plots show the mean values and variances
of the total expected background (in red) and data (in black) when projected
onto the ∆R(b1, b2) and mbb̄ axes, respectively, showing good agreement between
simulated samples and data.
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Events that pass all selection criteria have additional corrections applied to
the energies of b-jets: Firstly, a pT-dependent resolution correction. Secondly, if
there is a muon (that has been rejected by overlap removal) within ∆R = 0.4 of a
jet, the four-momentum of that rejected muon (minus energy in the calorimeters
associated with that muon) is added to the four-momentum of the b-jet. These
corrections lead to a 14% improvement in dijet mass resolution [65], as shown
in the upper plot of figure 4.3. In the 2-lepton channel a kinematic likelihood
fit to the transverse momenta of the ``bb̄ system and the dilepton mass m`` is
performed. This provides corrections to the b-jet transverse momenta, leading to
an overall improvement in the dijet mass resolution of 30% in this channel [65],
as shown in the lower plot of figure 4.3.
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Figure 4.3: Improvement in dijet mass resolution for simulated mH = 125 GeV
V H → bb̄ signal, before and after muon-in-jet and pT-dependent resolution
corrections are applied (top), and before and after muon-in-jet and pT-dependent
resolution corrections and the kinematic likelihood fit are applied (bottom), in




Background and signal processes are modelled by Monte Carlo simulations, apart
from the multijet QCD background which is determined from data, as described
below. Corrections are applied, as also described below, to the vector-boson-plus-
jets (V+jets) backgrounds, and to the tt̄ background. Backgrounds and signal
are then simultaneously fitted to data, allowing for the determination of signal
yield. In this fit the normalisations of the corrected V+jets and tt̄ backgrounds
are allowed to float.
QCD multijet backgrounds can come from hadronic jets or photons that have
converted into e+e− pairs being misidentified as electrons originating from the
primary vertex. QCD multijet backgrounds can also come from semileptonic
heavy-flavour decays. Additionally, QCD multijet backgrounds can come from
hadronic jet energy mismeasurements that result in ‘fake’ EMissT . These sources
of background can not be easily modelled by Monte Carlo event generators, and
are therefore estimated from data. This is done separately in different analysis
channels and regions. In the 0-lepton channel, the QCD multijet background is
estimated using an ‘ABCD’ method, using the variables ∆φ(EMissT ,p
Miss
T ) and
∆φ(EMissT ,pjet) as shown in figure 4.4. Region A is signal-dominated, whereas
regions B, C, and D are background dominated. In each of the regions B, C, and
D the QCD multijet background is determined by subtracting other backgrounds
(estimated using Monte Carlo samples) from data. b-tagging is not applied in
regions B, C, and D in order to decrease statistical errors. However, the fraction
of events in region D tagged as having originated from a b-quark, ND(b-tagged)
ND
, is
determined. The shape of the QCD multijet background in region A is taken
to be the same as the shape of the QCD multijet background in region C. The
normalisation of the QCD multijet background in region A, NA, is given by NA =
NC× NBND , where NB, NC, and ND are the (background-subtracted) normalisations
in the regions B, C, and D, respectively. The normalisation of the QCD multijet
background in region A after b-tagging, NA(b-tagged), is given by NA(b-tagged) =
NA × ND(b-tagged)ND .
In the 1-lepton and 2-lepton channels, QCD multijet backgrounds are
determined from background-dominated control regions, with other backgrounds
(estimated using Monte Carlo samples) subtracted from data. The normalisations































Figure 4.4: The ‘ABCD’ method regions used in the estimation of QCD multijet
background in the 0-lepton channel of the V H → bb̄ search.
all backgrounds and signal to data. In the 1-lepton channel, QCD multijet
backgrounds are determined separately for the electron and muon channels. It is
found that the QCD multijet background in the electron channel is very large for
pVT < 120 GeV. The electron channel is therefore not used in the 1-lepton channel
for pVT < 120 GeV, as shown in table 4.5.
The V+jets background Monte Carlo samples are found to mismodel the pVT
spectrum, with the samples being harder in pVT than data. This mismodelling is
found to be highly correlated with ∆φ(pjet1 ,pjet2), the separation in φ between the
two highest-pT jets in the event. The V+jets Monte Carlo samples are therefore
reweighted by the ratio of data to Monte Carlo samples in either ∆φ(pjet1 ,pjet2)
or pVT , depending on which variable is found to be the most appropriate in
each analysis category. Distributions of pVT and ∆φ(pjet1 ,pjet2), before and after
reweighting, are shown in figures 4.5 and 4.6, respectively. A generator-level
correction is applied to top-quarks in the tt̄ background Monte Carlo sample.
96
4.5. Background Modelling
This is due to Monte Carlo samples generated with Powheg Box+PYTHIA6 being
found to be too hard in the pT spectrum of top quarks from pair production [82].
Plots of pVT distributions after fits to data (see section 4.7) are shown in figure
4.7, demonstrating good agreement between expected distributions and data.
Plots showing comparisons of expected distributions to data after fits to data
(see section 4.7), for variables relevant to this analysis, are shown in figure 4.8,
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Figure 4.5: Plots showing pVT , before (left) and after (right) reweighting to correct
the mismodelled pVT spectrum in V+jets background Monte Carlo samples, in the
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Figure 4.6: Plots showing ∆φ(pjet1 ,pjet2), before (left) and after (right)
reweighting to correct the mismodelled pVT spectrum in V+jets background Monte
Carlo samples, in the V H → bb̄ analysis. From [65].
97
4.5. Background Modelling

































Ldt = 20.3 fb∫ = 8 TeV s













































Ldt = 20.3 fb∫ = 8 TeV s










































Ldt = 20.3 fb∫ = 8 TeV s










































Ldt = 20.3 fb∫ = 8 TeV s













































Ldt = 20.3 fb∫ = 8 TeV s













Figure 4.7: Plots of pVT distributions after fits to data (see section 4.7) for different
number of leptons and jets in the final state, and different b-jet tagging regions,
in the V H → bb̄ analysis, demonstrating good agreement between expected
distributions and data. From [65]. 98
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Figure 4.8: Plots showing comparisons of expected distributions to data, after fits





Systematic uncertainties arise from a number of sources, but can be categorised
as those coming from experimental sources, those coming from background
modelling, and those coming from the modelling of signal processes. Sources
of uncertainty coming from background modelling can further be split into those
arising from QCD multijet background modelling from data, and those arising
from backgrounds modelled using Monte Carlo simulations.
Experimental sources of systematic uncertainty considered include triggering,
physics object reconstruction and identification, and physics object energy and
momentum calibration and resolution.
For EMissT triggers, efficiency correction factors are computed from W → µν+
jets and Z → µ+µ− + jets events. Uncertainties associated with these triggers
are estimated from the statistical uncertainties associated with the calculation of
the correction factors, and the differences in correction factors computed using
the two different processes, W → µν + jets and Z → µ+µ− + jets.
Uncertainties associated with electrons and muons are found to be very
small. Combining uncertainties from electron and muon triggering, identification,
isolation, reconstruction, as well as from electron and muon energy and resolution
correction factors, is found to give a total systematic uncertainty due to these
sources of less than 1 %.
Uncertainties related to hadronic jets arise from uncertainties on the jet energy
scale [74], the jet energy resolution [83], and also from the corrections applied to
improve the dijet mass resolution. An eigenvector decomposition is performed
on uncertainties arising from the jet energy scale, resulting in 56 orthogonal
components, or nuisance parameters, associated with uncertainties arising from
the jet energy scale. Two systematic uncertainties are associated with the jet
energy resolution: one applied to all jets, and one additionally applied to only
b-tagged jets.
Monte Carlo samples are corrected for differences between b-tagging efficien-
cies in data and in the Monte Carlo samples, and also for differences in b-tagging
efficiencies between different Monte Carlo samples. This has been detailed in
section 4.3.5, with plots of the scale factors used for the Monte-Carlo-to-date
corrections shown in figure 4.1. For each scale factor, a value of half of the
scale factor is taken as the systematic uncertainty associated with that scale
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factor. An eigenvector decomposition is performed on uncertainties arising from
b-tagging, resulting in 88 orthogonal components, or nuisance parameters. To
make these uncertainties more manageable, these components are ranked in order
of uncertainty size. The 10 largest b-jet related components are kept, as are the 15
largest c-jet related components, and the 10 largest light-jet related components.
All other components are found to collectively contribute no more than a 1%
uncertainty on final analysis results, and are discarded.
The uncertainty on the integrated luminosity is calculated, as described in [66],
from luminosity scale calibrations derived from beam-separation scans performed
in November 2012.
For the QCD multijet background in the 0-lepton channel, uncertainties on
the predicted background are determined by varying the ratio NB
ND
in the ABCD
method, and also by replacing the ratio ND(b-tagged)
ND
with the ratio NB(b-tagged)
NB
. For
the 1-lepton channel, uncertainties associated with the QCD multijet background
are estimated by varying the control regions used to determine the QCD multijet
background. In the 2-lepton channel, the QCD multijet background is small
(∼ 1%) and a 100% uncertainty on this is assigned.
Uncertainties on backgrounds modelled with Monte Carlo simulations are
assessed separately for each background. Where possible, background-dominated
control regions are used to constrain backgrounds as well as their associated
uncertainties. The full details of all variations and comparisons used in
the estimation of uncertainties on backgrounds modelled with Monte Carlo
simulations will not be discussed here, but are documented in [65].
A summary of systematic uncertainties on background modelling is shown in
table 4.7.
Uncertainties on H → bb̄ signal samples are treated in a similar manner to
uncertainties on backgrounds modelled with Monte Carlo simulations, except
that control regions can not be used to constrain signal models or the associated
uncertainties. Uncertainties on H → bb̄ signal are calculated for mH = 125 GeV.
These uncertainties are used for all Higgs boson mass points in the fit (section
4.7). For the estimation of systematic uncertainties on WH → `νbb̄ Monte Carlo
signal samples see chapter 5.
Systematic uncertainties are included as ‘nuisance parameters’ in a ‘global fit’




Zl normalisation, 3/2-jet ratio 5%
Zcl 3/2-jet ratio 26%




T , mbb̄ S
W+jets
Wl normalisation, 3/2-jet ratio 10%
Wcl, W+hf 3/2-jet ratio 10%
Wbl/Wbb̄ ratio 35%
Wbc/Wbb̄, Wcc̄/Wbb̄ ratio 12%
∆φ(pjet1 ,pjet2), p
V














Cross section and acceptance (scale) 3%–29%
Cross section and acceptance (PDF) 2%–4%
mbb̄ S
Multijet
0 and 2-lepton channels normalisation 100%
1-lepton channel normalisation 2%–60%
Template variations, reweighting S
Table 4.7: A summary of systematic uncertainties on background modelling in
the V H → bb̄ analysis. ‘S’ means shape-dependent uncertainties were applied. l,
b, and c refer to light (u, d, or s-quark, or gluon), b-quark, and c-quark jets. hf
refers to heavy flavour (c, b, or t-quark) jets.
results such as signal strength and limits on cross-sections. This is detailed in




Backgrounds and signal distributions are simultaneously fitted to those distribu-
tions in data, allowing for the determination of signal yield. This fit, referred
to as the ‘global’ fit, is performed simultaneously for all three lepton channels,
0-lepton, 1-lepton, and 2-lepton. The distributions used as inputs to the fit are
the mbb̄ distributions in the 2-tag regions, LL, MM, and TT, and also the MV1c b-
tagging distributions in the 1-tag regions (section 4.4 and table 4.6). These input
distributions are further split into bins of pVT and number of jets in the final state
(section 4.4 and table 4.5). Figures 4.9, 4.10, and 4.11 show mbb̄ distributions,
before and after the global fit has been performed, respectively for the 0, 1, and
2-lepton channels. They show the TT b-tagging regions with two jets in the final
state and 200 GeV < pVT . Figures 4.12, 4.13, and 4.14 show MV1c distributions,
before and after the global fit has been performed, respectively for the 0, 1, and 2-
lepton channels. Additional mbb̄ and MV1c distributions are shown in Appendix
H.1.
A Roostats [84, 85] framework is used to perform the fit, using a binned
likelihood function based on the input distributions, and taking into account
both normalisations allowed to float in the fit and systematic uncertainties. For
each normalisation allowed to float in the fit and each systematic uncertainty, a
‘nuisance parameter’ variable is used in the likelihood function. The nuisance pa-
rameters, θ, have Gaussian (for uncertainties) or log-normal (for normalisations,
to prevent them becoming negative) probability density functions. The signal
yield extracted by the fit is the parameter µ, the multiple found in data of the
Standard Model Higgs boson cross-section.
Systematic uncertainties discussed in section 4.6, as well as final uncertainties
on H → bb̄ signal given in chapter 5, are included as nuisance parameters in the
global fit.
Once a fit has been performed, the fit returns an error on the given result
which is a combination of all errors inputted into and adjusted by the fit. The
fitting framework additionally then decomposes this total error into systematic
and statistical components.




The likelihood function for a given µ and set of nuisance parameters θ is
L(µ,θ):











• N is the total number of bins from all regions.
• v(θ)sigb is the expected number of signal events (signal yield) in bin b, given
the prescribed nuisance parameters θ.
• v(θ)bkgb is the expected number of background events in bin b, given the
nuisance parameters θ.
• S(θ) is the expected total number of signal events in all bins, given the





• B(θ) is the expected total number of background events in all bins, given





• n is the number of events observed in the signal regions.
• m is the number of events observed in the control regions.
• BCR is the expected total number of events in the control regions.







The maximum value of L(µ,θ) is found: L(µ̂, θ̂µ̂). µ̂ and θ̂µ̂ are the values
of µ and θ that maximise the likelihood. θ̂µ are the nuisance parameters that
maximise the likelihood for a given µ. Practically, this is done by constructing
a test statistic pµ = −2 lnL(µ,θ), which is then minimised using minimisation
tools by varying µ and θ, thus maximising L(µ,θ).
To find the standard deviation on the most likely value of µ, µ̂, the profile
likelihood ratio Λµ = L(µ, θ̂µ)/L(µ̂, θ̂µ̂) is constructed, as well as the test statistic
qµ = −2 ln Λµ. The test statistic qµ, in the limit of infinite data, is−χ2-distributed
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[86, 87]. A range of µ are then tested. For each value of µ, qµ is minimised by
varying θ, thus maximising Λµ. The value of µ that results in qµ = 1 corresponds
to one standard deviation on µ̂, the value of µ that results in qµ = 4 corresponds to
two standard deviations on µ̂, and so on. Similarly, The value of µ corresponding
to a 95% confidence interval (qµ = 3.84) can be found.
To set limits on the cross section of a process, the largest value of µ is found
(so µ̂ ≤ µ ) that corresponds to qµ = 3.84 (for a 95% confidence interval limit).
Let this µ be defined as µ95%. Then it can be said, with 95% confidence, that
the cross-section for this channel is no more than µ95% times the Standard Model
prediction.
Values of µ such that µ̂ ≥ µ are not considered in the search for µ95%, as
although there will be a value of µ such that µ̂ ≥ µ and qµ = 3.84, since this
value of µ is less than µ̂ it can not be considered an upper limit on the signal
strength.
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Figure 4.9: mbb̄ distributions in the 0-lepton channel, 200 GeV < p
V
T bin, before
(left) and after (right) the global fit. The two-jet, TT b-tagging region is shown.
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Figure 4.10: mbb̄ distributions in the 1-lepton channel, 200 GeV < p
V
T bin, before
(left) and after (right) the global fit. The two-jet, TT b-tagging region is shown.
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Figure 4.11: mbb̄ distributions in the 2-lepton channel, 200 GeV < p
V
T bin, before
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Figure 4.12: MV1c distributions in the 0-lepton channel, 120 GeV < pVT <
160 GeV bin, before (left) and after (right) the global fit. The two-jet, one-tag
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Figure 4.13: MV1c distributions in the 1-lepton channel, 120 GeV < pVT <
160 GeV bin, before (left) and after (right) the global fit. The two-jet, one-tag
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Figure 4.14: MV1c distributions in the 2-lepton channel, 120 GeV < pVT <
160 GeV bin, before (left) and after (right) the global fit. The two-jet, one-tag




Results of the search for the Higgs boson in the WH → `νbb̄ channel, using
the theoretical systematic uncertainties calculated in chapter 5, are presented in
chapter 6. The combination of these results with the results of the searches in




WH → `νbb̄ Production
5.1 Introduction
To search for a physics process in high energy particle collisions, it is necessary
to know what the process will look like in those collisions, in order to know
what to look for. Monte Carlo simulation can be used to model processes for
this purpose, but the resulting simulations will have systematic uncertainties
associated with them. In order to search for a process and understand the results,
the systematic uncertainties associated with the Monte Carlo simulations used
must be understood and accounted for.
Monte Carlo simulations of high energy particle collisions are performed by
computer programs called ‘event generators’. These simulations are factorised
into different stages depending on the physics and energy-scales involved. Ideally
all stages of these simulations would be calculated analytically, however at present
humanity does not have sufficient knowledge and computational power to perform
such calculations. Only part of a high energy particle collision simulation can be
performed analytically, hence the factorisation of the simulation into stages, with
the remaining non-analytical stages being modelled synthetically. A schematic
diagram of a proton-proton collision showing the different stages of a Monte Carlo
generated event is shown in figure 5.1.
In proton-proton collisions such as those at the LHC one parton from each
proton will contribute to the high-energy particle-particle interaction of interest
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Figure 5.1: A proton-proton collision showing the different stages of Monte Carlo
event generation. From [88].
(the ‘hard subprocess’). How likely any given parton in each proton is to
take part in this hard subprocess is required for Monte Carlo event generation.
This information is contained within ‘Parton Density Functions’ (PDFs) (section
2.3.4).
The hard subprocess of interest can be calculated analytically and is often
referred to as the ‘matrix element’ calculation, as it involves the calculation
of Feynman diagram matrix elements. Current theoretical knowledge and
computational ability limits this calculation to typically only two interacting
partons going to N outgoing partons, where N is typically a single digit number.
The further simulation of these N outgoing partons is performed by modelling
known as ‘parton showering’, or simply ‘showering’.
Initial-state radiation (ISR) and final-state radiation (FSR) are both processes
modelled with parton showering.
The energy scale at which the analytical calculation of the hard subprocess
stops and the parton showering modelling takes over is the ‘factorisation scale’
µF .
In the analytical calculation of the hard subprocess, corrections due to
the appearance of loops in the associated Feynman diagrams will typically be
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included. In order for these corrections to be finite the calculations must be
renormalised. This renormalisation requires the definition of a ‘renormalisation
scale’ µR.
Electromagnetic showers are modelled using parton showering. QED radiative
corrections in particle decays can also be modelled separately, typically using
‘bolt-on’ software such as Photos [89] incorporated into event generators.
Once partons reach energies of about 1 GeV, colour confinement processes
become dominant and the partons will become confined together to form hadrons.
This process is known as ‘hadronisation’. Currently hadronisation can not be
described from first principles, and must be modelled.
Finally, from each of the protons, partons not involved in the hard subprocess
can interact with each other. This will contribute lower-energy activity to
an event, collectively known as ‘the underlying event’ (UE) or ‘multi-parton
interactions’ (MPI).
This chapter deals with the systematic uncertainties arising from the theoret-
ical predictions of Monte Carlo event generation for the WH → `νbb̄ process.
Event generators used in this chapter include Pythia6 [90], Pythia8 [91], and
Herwig++ [92]. They are capable of performing all stages of Monte Carlo event
generation. They can calculate hard subprocesses to leading order (LO) in the
perturbative expansion of QCD. The programs Powheg Box [93, 94, 95] and
aMC@NLO [96] calculate hard subprocesses to next to leading order (NLO) in
the perturbative expansion of QCD. However these NLO hard subprocesses, once
generated, must be passed in an LHE file [97] to other event generators such as
Pythia6, Pythia8 or Herwig++ to perform the remaining stages of Monte Carlo
event generation. Herwig++ is also capable of calculating hard subprocesses to
NLO in QCD using its own internal implementation of the Powheg method [94].
Event generators have adjustable parameters that control the output of their
Monte Carlo simulations. These parameters are adjusted so that the resulting
Monte Carlo simulations match data as closely as possible for certain variables.
This process of adjusting these variables is known as ‘tuning’. Typically,
underlying event sensitive-variables are used for this tuning process.
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5.1.1 A Note On Notation
In this text, unless otherwise noted, absolute uncertainties will be noted by ∆X




5.1.2 Systematic Uncertainty Estimation - General Method
For a given source of systematic uncertainty, parameters in event generators
related to this source are varied. Through this, different Monte Carlo simulation
samples are produced. These samples are then compared in order to determine
the variation on a variable of interest, X. This variation is used to estimate the
systematic uncertainty on X due to the given source.
In order to analyse Monte Carlo samples, a custom-written program has been
created by the author of this thesis. It reads in Monte Carlo simulation samples,
identifies and constructs analysis objects, optionally applies analysis selection
criteria, and produces resulting distributions of interest. The selection criteria
it applies are consistent with those described in chapter 4. It uses truth-level
hadron matching for b-tagging of jets. All Monte Carlo samples generated as
part of the studies presented in this chapter use mH = 125 GeV.
X is either chosen to be the cross-section σ, either with or without analysis
selection criteria applied (σasc and σinclusive, respectively), or X is chosen to be
the signal acceptance, A = σasc
σinclusive
.
In this chapter, where inclusive cross-sections are given, they are the cross-
sections as reported by the relevant event generators used.
X is considered separately in each bin of the mbb̄ distribution. To calculate
the overall uncertainty on X, if no dependence on the mbb̄ mass is found, the
uncertainty is averaged over bins of the mbb̄ distribution. However, since the
mbb̄ distribution is peaked around the simulated Higgs mass mH = 125 GeV,
bins of the mbb̄ distribution further from mH = 125 GeV will have fewer events.
Uncertainties calculated in these bins may have large statistical fluctuations.
Careful choice of which bins to include in the calculation of an average uncertainty
value is therefore made.
Additionally, the analysis is binned in number of hadronic jets in the final
state. Distributions and uncertainties are calculated either in the two-jet bin, the
three-jet bin, or the inclusive two-and-three-jet bin. If an uncertainty is found to
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be independent of number of jets, then the uncertainty taken from the inclusive
bin is used, otherwise separate uncertainties are used for the two and three jet
bins.
σasc, σinclusive, and the acceptance A are related by:
σasc = σinclusive × A (5.1)
The uncertainty on σasc, σinclusive, and A, ∆σasc , ∆σinclusive , and ∆A respectively,


















where ρ(σinclusive A) is the correlation between σinclusive and A. σinclusive and
A are expected to be largely uncorrelated. As a result of this, the correlation
term in equation 5.2 is ignored. Additionally, where possible and appropriate,
more accurately calculated values of ∆σinclusive are used, for example from [98], as
σinclusive and ∆σinclusive are analysis-independent.
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5.2 Uncertainties Arising From Scale Factors
5.2.1 Introduction
The factorisation scale µF can be adjusted within an event generator. However, as
it is an artefact of Monte Carlo simulation methods and does not have a physical
parallel in nature, simulations should ideally not depend on the value chosen
for it. In reality there is some dependence, and as such there is a systematic
uncertainty associated with the factorisation scale.
In the analytical calculation of the hard subprocess, the renormalisation scale
µR effectively defines the theory at that energy scale. For any momentum transfer
q in the calculations, if q
2
µ2R
is very small or very large then the perturbative
theory and calculations may become unstable. While µR is chosen such that
the analytical calculations will remain stable, there is still a dependence of the
results on µR. There is therefore a systematic uncertainty associated with the
renormalisation scale µR.
To estimate the systematic uncertainties associated with these scales, these
scales are varied by factors of 1
2
and 2. The resulting overall change in a variable
of interest X is taken as twice the uncertainty on X due to these scale factors:
X+ = max
[
























To calculate scale uncertainties for final states containing specific numbers
of jets, the effects of jet binning are considered. The inclusive cross-section can
be written as an expansion in αs neglecting PDF effects and other effects not
relevant to this discussion:
σinclusive ' σB
(
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where σB is the Born-level cross-section.
Introducing a lower bound on the number of jets in the final state is the same
as requiring all jets in the final state to be above a certain pT threshold. This
pT threshold brings in Sudakov logarithms of the form L = ln(pT/µF ) [99]. The

















The zero-jet cross-section σ0 can be written as σ0 = σinclusive− σ≥1, therefore,
σ0 ' σB
(




















This can, depending on the value of pT used, lead to large cancellations
between the positive αs terms and the negative logarithmic terms [99]. If the scale
µF is varied, then these cancellations will result in a reduction in the variation of
a variable X. If the scale µF is varied, and the variation in a variable X is used to
estimate the systematic uncertainty on that variable due to µF scale variations,
then that calculated uncertainty will underestimate the true uncertainty due to
µF scale variations.














and σN = σ≥N − σ≥N+1. Since the leading term for σ≥N is proportional
to αNs , cross-sections with different N can be considered, to first order, to be





If ∆σ≥N and ∆σ≥N+1 are calculated separately, and equation 5.10 used to
calculate ∆σN , then the logarithmic cancellations of the kind found in equation
5.8 are thus avoided.
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Samples Generated And Tested
Three Monte Carlo simulation samples were generated of pp → WH → `νbb̄,
where ` = e or µ. Powheg Box was used to generate hard subprocesses at next
to leading order (NLO). These were then showered using Pythia8. 100000 events
were generated for each sample. For each sample, the values of µF and µR used
are given in table 5.1.
Sample µF µR
Powheg Box+Pythia8 Scale Normal (µF )0 (µR)0
Powheg Box+Pythia8 Scale Up 2× (µF )0 2× (µR)0
Powheg Box+Pythia8 Scale Down 1
2
× (µF )0 12 × (µR)0
Table 5.1: Scale factors used in each of the three samples generated for the
estimation of systematic uncertainties arising from scale factors.
For the pp → WH → `ν process, generated with Powheg Box to NLO, the
normal values of µF and µR used, (µF )0 and (µR)0, are set equal to the pT of the
off-shell W ∗ boson [100].
5.2.2 Results
The mbb̄ distributions for the three samples listed in table 5.1 are shown without
analysis selection criteria applied in figure 5.2.
For the inclusive jet bin, the mbb̄ distributions for these three samples are
shown with analysis selection criteria applied in figure 5.3. The signal acceptance
is shown in figure 5.4. The mbb̄ distributions for these samples with analysis
selection criteria applied, and the signal acceptance, are shown separately for the
two-jet and three-jet bins in appendix A.1.1.
For the Njets ≥ 2 jet bin, the mbb̄ distributions with analysis selection criteria
applied, and the signal acceptance, are shown in figures 5.5 and 5.6. For the
Njets ≥ 3 jet, and the Njets ≥ 4 jet bins, the equivalent plots are shown in
appendix A.1.1.
The uncertainties on the cross sections σasc and σinclusive, and the acceptance
A, not taking account of logarithmic cancellations, are shown in figure 5.7 for the
inclusive jet bin. These uncertainties, taking account of logarithmic cancellations,
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Figure 5.2: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied and with different scale factors. Two
and three-jet final states are included. Error bars show statistical uncertainty.
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Figure 5.3: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Two and three-
jet final states are included. Error bars show statistical uncertainty.
are shown in figure 5.8 for the inclusive jet bin. Equivalent distributions for two-
jet and three-jet final states are shown in appendix A.1.2.
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Figure 5.4: Signal acceptance, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with different scale factors. Two and three-jet final states are included. Error
bars show statistical uncertainty.
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Figure 5.5: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Njets ≥ 2 final
states are included. Error bars show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak.
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Figure 5.6: Signal acceptance, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with different scale factors. Njets ≥ 2 final states are included. Error bars show
statistical uncertainty.
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Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure 5.7: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, not taking account of logarithmic
cancellations, on the cross sections σasc and σinclusive, and the acceptance A. Two
and three-jet final states are included. Error bars show statistical uncertainty.
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Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure 5.8: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, taking account of logarithmic cancellations,
on the cross sections σasc and σinclusive, and the acceptance A. Two and three-jet
final states are included. Error bars show statistical uncertainty.
This can be seen to be the region with the largest number of events, for example,
figure 5.2. It excludes regions with few events that result in, for example, the
large statistical errors on the signal acceptance with mbb̄ > 140 GeV seen in figure
5.4. In this region, no clear dependence of the uncertainties due to scale factors
on mbb̄ is seen in figure 5.8. An average value for each uncertainty is therefore
calculated within the range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Two sets of results are presented. One, not taking account of logarithmic
cancellations, are the uncertainties calculated when only varying the scale factors
within a given jet bin. The other set, taking account of logarithmic cancellations,
make use of the relation σN = σ≥N − σ≥N+1 and equation 5.10. The latter
results are taken to be the correct uncertainties due to scale variation, as they
avoid the issues of logarithmic cancellations, however the former results are also
presented for comparison. By comparing the two sets of results, the effects of the
logarithmic cancellations can be seen.
The averages of the uncertainties due to scale factors, not taking account
of logarithmic cancellations, are shown in table 5.2. The averages of the
uncertainties due to scale factors, taking account of logarithmic cancellations,
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are shown in table 5.3. Statistical uncertainties on the calculated systematic
uncertainties arising from scale factors are found to be at the sub-percent level,
and are therefore neglected.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 2.5 0.00524 3.0 15.0 3.5
2 0.0350 2.5 0.00356 6.6 10.2 6.3
3 0.0350 2.5 0.00169 7.1 4.8 6.9
Table 5.2: Systematic uncertainties arising from scale factors, for the WH → `νbb̄
analysis, with mH = 125 GeV, not taking account of logarithmic cancellations.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 2.5 0.00524 4.3 15.0 5.3
2 0.0350 2.5 0.00356 9.8 10.2 10.4
3 0.0350 2.5 0.00169 10.9 4.8 11.2
Table 5.3: Systematic uncertainties arising from scale factors, for the WH → `νbb̄
analysis, with mH = 125 GeV, taking account of logarithmic cancellations.
5.2.3 Conclusion
Systematic uncertainties arising from scale factors have been calculated and are
shown in table 5.3. Results that take account of logarithmic cancellations are
taken to be the correct estimation of the true systematic uncertainties arising from
scale factors. By comparing results that take account of logarithmic cancellations
to results that do not, logarithmic cancellations are seen to have large effects
on the final results. As σinclusive and δσinclusive are unaffected by jet-bin choice
(by definition), a more accurate calculation of the uncertainty δσinclusive can be
used. In [98] the uncertainty on the inclusive WH cross section is calculated to
NNLO in QCD and NLO in electroweak perturbative expansion, and is given as
δσinclusive = 1.0%. This is compared to the results presented in this chapter, which
have been calculated to NLO in QCD perturbative expansion.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 1.0%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 4.3%, and the uncertainty on signal acceptance
δA = 5.3%.
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5.3 Uncertainties Arising From Parton
Distribution Functions
5.3.1 Introduction
Available PDFs are approximations of nature, and as such have systematic
uncertainties associated with them. In order to estimate these uncertainties we
would ideally regenerate all our Monte Carlo generated events for a given process
with every PDF available. We would then be able to see how different PDFs affect
our variables of interest, and calculate the associated uncertainty on our final
results. However, given that the number of different PDFs that we would wish
to generate our samples with is typically on the order of hundreds, generating a
separate sample for each PDF would be prohibitively computationally expensive.
An alternative method is to use a reweighting scheme. Say we have generated
our sample with PDF1 and we wish to see how our sample would differ if it were







2, f1) PDFi(x2, Q
2, f2)
× X(qq̄ → WH)
)
(5.11)
where the variables in equation 5.11 are the same as in equation 2.32,
X(pp → WH)PDFi is the variable X calculated using PDFi, and where we have
used pp → WH to denote ‘proton-proton → WH’, and qq̄ → WH to denote
‘parton-parton → WH’.
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Thus for each event i generated with PDF1 we can reweight that event’s
contribution to X by the factor wi, where,
wi =
PDF2(x1, Q
2, f1) PDF2(x2, Q
2, f2)
PDF1(x1, Q2, f1) PDF1(x2, Q2, f2)
(5.13)
This will then give the variable X that we would have obtained had the
Monte Carlo sample been generated with PDF2. Generating a sample once
and then reweighting the events of that sample in this manner is typically less
computationally expensive and faster than regenerating the events for each PDF.
PDFs do also enter into X(qq̄ → WH) through ISR parton showers. However,
their contributions there are taken to be independent of the PDF type used, and
as such the effect on X(qq̄ → WH) from changing PDFs is taken to be negligible
[101, 102]. Thus reweighting events using the equation 5.12 is taken as a valid
approximation.
In order to calculate values for the PDF functions PDF(x,Q2, f), the
LHAPDF software package can be used [103, 104]. It requires the input variables
x1, x2, f1, f2, and Q
2 to be made available for each event by the event generator
used.
Equation 2.32 however is only valid when the hard subprocess is calculated
to leading order (LO) in the perturbative expansion of QCD. If the calculation
is done to next to leading order (NLO) in QCD, then the definition of the
reweighting weight wi becomes more complicated [105], however the reweighting
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scheme using the weight defined in equation 5.13 is still a reasonable and
useful approximation in this scenario. The programs Pythia8, Powheg Box and
aMC@NLO can output the required variables for LHAPDF, however at time
of writing Powheg Box outputs values for these variables corresponding to LO
calculations [95]. These values then do not match the NLO hard subprocesses,
and as such Powheg Box can not be used with LHAPDF to perform valid PDF
reweighting using equation 2.32. aMC@NLO on the other hand outputs variables
for LHAPDF that are corrected for the NLO hard subprocesses, and are able to be
used with LHAPDF to perform PDF reweighting using equation 2.32. aMC@NLO
is also capable of internally calculating NLO PDF reweighting weights as per [105].
PDF reweighting can thus be performed and studied for several different event
generator setups:
Setup 1
A single event generator such as Pythia6, Pythia8, or Herwig++ is used to
generate a Monte Carlo sample that contains corresponding variables for
LHAPDF for each event. This sample is then analysed in a custom-written
program that uses LHAPDF to calculate PDF functions and perform ‘LO’
PDF reweighting as per equation 5.13. This is illustrated in figure 5.9.
Setup 2
A program such as Powheg Box or aMC@NLO is used to generate NLO
hard subprocesses and associated variables for LHAPDF. These hard
subprocesses and variables are passed to an event generator such as Pythia6,
Pythia8, or Herwig++ to perform the remaining stages of Monte Carlo
event generation. These event generators are able to handle the variables
for LHAPDF, passed to them by the hard subprocess generating programs,
such that these variables will be stored in the final Monte Carlo sample.
This sample is then analysed in a custom-written program that uses
LHAPDF to calculate PDF functions and perform ‘LO’ PDF reweighting
as per equation 5.13. This is illustrated in figure 5.10.
Setup 3
aMC@NLO is used to generate NLO hard subprocesses, and also internally
perform NLO PDF-reweighting calculations as per [105]. The reweighted
event weights it produces are stored in the LHE file that must be passed
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to an event generator such as Pythia6, Pythia8, or Herwig++ to perform
the remaining stages of Monte Carlo event generation. At time of writing,
these generators are not able to handle these extra event weights being
present in the LHE file, and will not store these weights in the resulting
Monte Carlo sample output file, or more typically will simply crash if the
extra event weights are present in the LHE file. The event weights are
therefore removed from the LHE file and stored in a separate file along
with sufficient event kinematics information so that the weights for each
event can be matched to the correct corresponding event in the final Monte
Carlo sample file. This information for event matching is required as an
event generator may not perform all the remaining stages of Monte Carlo
event generation for every event in an LHE file: if the event generator finds
an event in an LHE file that it is unable to process for whatever reason (it
may be unable to handle the event kinematics and still conserve energy and
momentum in the event) then it will skip that event. The modified LHE
file, without the extra event weights, is then passed to an event generator to
perform the remaining stages of Monte Carlo event generation. A custom-
written program is used to read in the resulting Monte Carlo sample, as
well as the extra file containing the NLO PDF-reweighting weights. This
program is used to match the correct NLO PDF-reweighting weights to
the corresponding events in the Monte Carlo sample using the stored event
kinematics. The events in the Monte Carlo sample are then reweighted
using these NLO PDF-reweighting weights. This is illustrated in figure
5.11.
It was found in the course of this study that aMC@NLO is only capable
of internally reweighting to PDF members that are in the same PDF
set as the PDF member used to generate the NLO hard subprocesses.
Thus for each PDF set being considered, NLO hard subprocesses must
be generated with the PDF set central member. These events can then
be internally reweighted with aMC@NLO to the error set members of
that PDF set. When considering multiple PDF sets however, this method
introduces additional statistical uncertainty into final results compared to
the LHAPDF method. Even when random number generator seeds are
set to the same values for all samples, generating hard subprocesses using
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aMC@NLO with different PDF sets results in samples being statistically
independent. The cause of this is unconfirmed, although it is speculated
that when aMC@NLO generates hard subprocesses, the different PDF
parameterisations of PDF sets created by different collaborations result in
different numbers of calls to the random number generator service being
made, depending on the PDF set used in the generation. Different numbers
of calls to the random number generator service per event will result in
the random number sequences being out of sync between different samples,








Figure 5.9: Setup 1 for event generation, PDF reweighting, and analysis.
Programs are shown as larger blocks. Processes within programs are shown as
smaller sub-blocks. File transfer of data between programs is shown as an arrow.









LHE File HepMC File
Figure 5.10: Setup 2 for event generation, PDF reweighting, and analysis.
Programs are shown as larger blocks. Processes within programs are shown as
smaller sub-blocks. File transfer of data between programs is shown as arrows.
As described in 5.3.1.
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LHE File HepMC File
LHE Splitter
Ntuple FileLHE File With Extra Weights
Matrix Element
Generation
Figure 5.11: Setup 3 for event generation, PDF reweighting, and analysis.
Programs are shown as larger blocks. Processes within programs are shown as
smaller sub-blocks. File transfer of data between programs is shown as arrows.
As described in 5.3.1.
The PDF sets used in this study are the CT10nlo, MSTW2008nlo68cl
(‘MSTW2008’), and NNPDF23 nlo as 0119 (‘NNPDF2.3’) PDF sets, made,
respectively, by the CTEQ [33], MSTW [34], and NNPDF [35] collaborations
(section 2.3.4). How each error set is used depends on the design choices of the
collaboration that has produced the PDF set.
CT10nlo And MSTW2008 PDF Sets
The error sets for the CT10nlo and MSTW2008 PDF sets are Hessian-type 2.3.4
error sets: the PDFs they contain form pairs, representing variations up and
down of orthonormal PDF free parameter eigenvectors. For a given observable,
a generated Monte Carlo sample is reweighted to each pair of PDFs. For each
pair, the maximum increase and decrease in the observable is then computed. It
should be noted that any eigenvector variation, up or down, may result in an
increase or decrease in an observable. Since all PDF eigenvectors are orthogonal,
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all maximum increases in an observable for the eigenvector pairs are summed in
quadrature. This gives the overall upward variation for this observable. Likewise
the maximum decreases in an observable for the eigenvector pairs is summed in
quadrature to obtain the overall downward variation for this observable. These
overall variations then correspond to the specified confidence level for that PDF
set (a 68% C.L. for MSTW2008, 90% C.L. for CT10nlo).
It is assumed that the uncertainties for a PDF set are Gaussian in nature, and
so each 90% C.L. uncertainty band is rescaled to a 68% C.L. uncertainty band
(a ±1σ uncertainty band) by multiplying the uncertainty by 1
1.64485
. In reality
PDF set uncertainties are not perfectly Gaussian in nature, however this rescaling
method is a valid approximation to first order.
The upper and lower uncertainty bands for the CT10nlo and MSTW2008 PDF








max [ X0 −X (PDF2i−1) , X0 −X (PDF2i) , 0 ]2 (5.15)
where X0 is the variable X calculated with the central member PDF, SF is




for CT10nlo. NSet = 40 and SF = 1 for MSTW2008.
NNPDF2.3 PDF Set
The error set for the NNPDF2.3 PDF set is replica-type 2.3.4: it consists of 100
equally valid PDFs resulting from 100 fits to data. For a given observable X,
to estimate the uncertainty due to the NNPDF2.3 PDF set, X is computed (or
reweighted) for each PDF in the NNPDF2.3 error set. The standard deviation of






(Xi (PDFi)− 〈X〉)2 (5.16)
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where Xi is X computed using the ith PDF in the NNPDF2.3 error set, PDFi,






Combination Of PDF Sets





















∆X = XUpper −XMid (5.21)
Samples Generated And Tested
pp → WH → `νbb̄ samples, where ` = e or µ, were created and reweighted
using the event generators and reweighting procedures listed in table 5.4.
100000 events were generated per sample. They are grouped into four sample
sets: ‘Pythia8’, ‘Powheg’, ‘aMC@NLO’, and ‘aMC@NLO-internal’, where the
aMC@NLO-internal set requires three separate samples to be generated.
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5.3.2 Results
Comparison Of Central Members
pp → WH → `νbb̄ mbb̄ distributions for different event generator and PDF set
central members, with no analysis event selection criteria applied, are shown in
figure 5.12. Ratios of these distributions are shown in figure 5.13. The equivalent
mbb̄ and ratio plots, with analysis event selection criteria applied, are shown for
the combined two and three-jet bin in figures 5.14 and 5.15. Further plots are
found in appendix B.1.1.
mbb [GeV]






















Powheg CT10_0 reweighted to MSTW_0
Powheg CT10_0 reweighted to NNPDF_0
aMC@NLO CT10_0
aMC@NLO CT10_0 reweighted to MSTW_0




Figure 5.12: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with different event generator and PDF set central members. Analysis event
selection criteria have not been applied. Error bars show statistical uncertainty.
From figures 5.13 and 5.15 it can be seen that for Pythia8, Powheg
(Powheg Box+Pythia8), and aMC@NLO reweighted with LHAPDF, the ratios
between the MSTW2008 central member distributions to the CT10nlo central
member distributions, and the NNPDF2.3 central member distributions to the
CT10nlo central member distribution, are all roughly equal to 1. For aMC@NLO
samples, separately generated for the CT10nlo, MSTW2008, and NNPDF2.3
central members, the ratios between these distributions deviate considerably from
1, with large statistical fluctuations.
132
5.3. Uncertainties Arising From Parton Distribution Functions
mbb [GeV]






















Ratios Of PDF Set Central Members With Different Generators
Pythia8 LHAPDF MSTW_0 relative to CT10_0
Pythia8 LHAPDF NNPDF23_0 relative to CT10_0
Powheg LHAPDF MSTW_0 relative to CT10_0
Powheg LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO LHAPDF MSTW_0 relative to CT10_0
aMC@NLO LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO separately generated samples, MSTW_0 relative to CT10_0
aMC@NLO separately generated samples, NNPDF23_0 relative to CT10_0
Figure 5.13: Ratios of mbb̄ distributions, for the WH → `νbb̄ analysis, with
mH = 125 GeV, with different event generator and PDF set central members.
Analysis event selection criteria have not been applied. Error bars show statistical
uncertainty.
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Powheg CT10_0 reweighted to MSTW_0
Powheg CT10_0 reweighted to NNPDF_0
aMC@NLO CT10_0
aMC@NLO CT10_0 reweighted to MSTW_0




Figure 5.14: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with different event generator and PDF set central members. Analysis event
selection criteria have been applied. Two and three-jet final states are included.
Error bars show statistical uncertainty.
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Ratios Of PDF Set Central Members With Different Generators
Pythia8 LHAPDF MSTW_0 relative to CT10_0
Pythia8 LHAPDF NNPDF23_0 relative to CT10_0
Powheg LHAPDF MSTW_0 relative to CT10_0
Powheg LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO LHAPDF MSTW_0 relative to CT10_0
aMC@NLO LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO separately generated samples, MSTW_0 relative to CT10_0
aMC@NLO separately generated samples, NNPDF23_0 relative to CT10_0
Figure 5.15: Ratios of mbb̄ distributions, for the WH → `νbb̄ analysis, with
mH = 125 GeV, with different event generator and PDF set central members.
Analysis event selection criteria have been applied. Two and three-jet final states
are included. Error bars show statistical uncertainty.
Cross-Sections And Acceptances
The mbb̄ distributions for the four sample sets listed in table 5.4 are shown without
analysis selection criteria applied in figure 5.16. The systematic uncertainty
arising from PDFs is shown as a band for each set. The equivalent plot after
analysis selection criteria have been applied is shown in figure 5.17 for two and
three-jet final states combined. Signal acceptance is shown, with systematic
uncertainty bands from each PDF set, for ‘Pythia8’, ‘Powheg’, ‘aMC@NLO’,
and ‘aMC@NLO-internal’ in figures 5.18 5.19 5.20 5.21 respectively, again for
two and three-jet final states combined. Further cross-section and acceptance
plots are found in appendix B.1.2.
Fractional Uncertainties
Fractional uncertainties on the signal cross-section without analysis selection
criteria applied, the signal cross-section with analysis selection criteria applied,
and signal acceptance are shown in figures 5.22, 5.23, and 5.24 respectively.
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mbb Cross-Section With Systematic Uncertainty Arising From PDFs
Pythia8 LHAPDF reweighting PDF uncertainty bands
Powheg LHAPDF reweighting PDF uncertainty bands
aMC@NLO LHAPDF reweighting PDF uncertainty bands
aMC@NLO internal reweighting PDF uncertainty bands
Figure 5.16: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. The
systematic uncertainty arising from PDFs is shown as a band for each sample
set. Error bars on each band show the statistical uncertainty.
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mbb Cross-Section With Systematic Uncertainty Arising From PDFs
Pythia8 LHAPDF reweighting PDF uncertainty bands
Powheg LHAPDF reweighting PDF uncertainty bands
aMC@NLO LHAPDF reweighting PDF uncertainty bands
aMC@NLO internal reweighting PDF uncertainty bands
Figure 5.17: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. The systematic uncertainty arising from PDFs is
shown as a band for each sample set. Error bars on each band show the statistical
uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure 5.18: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for the ‘Pythia8’ samples set. Two and three-jet final states are
included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure 5.19: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for the ‘Powheg’ samples set. Two and three-jet final states are
included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure 5.20: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for the ‘aMC@NLO’ samples set. Two and three-jet final states are
included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure 5.21: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for the ‘aMC@NLO-internal’ samples set. Two and three-jet final states
are included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Systematic Uncertainty On Cross-Section Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure 5.22: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for
different sample sets. Error bars show statistical uncertainty.
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Systematic Uncertainty On Cross-Section Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure 5.23: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with analysis selection criteria applied, for
different sample sets. Two and three-jet final states are included. Error bars
show statistical uncertainty.
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Uncertainty On Signal Acceptance Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure 5.24: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two and three-jet final
states are included. Error bars show statistical uncertainty.
Study Of aMC@NLO Internal Reweighting Results
Figures 5.13 and 5.15 show large statistical fluctuations between separately-
generated aMC@NLO samples using different PDFs. Figure 5.25 shows the
uncertainties on the inclusive cross-section for the CT10nlo PDF set, both for
aMC@NLO reweighted with LHAPDF and for aMC@NLO internally reweighted.
Figures 5.26 and 5.27 show the equivalent distributions for the MSTW2008
and NNPDF2.3 PDF sets, respectively. Further comparative plots are found
in appendix B.1.4.
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mbb PDF Error-Bands for CT10nlo
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure 5.25: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for the
CT10nlo PDF set. Distributions for aMC@NLO reweighted with LHAPDF, and
for aMC@NLO internally reweighted, are shown. Two and three-jet final states
are included. Error bars show statistical uncertainty.
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mbb PDF Error-Bands for MSTW2008nlo68cl
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure 5.26: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for
the MSTW2008nlo68cl PDF set. Distributions for aMC@NLO reweighted with
LHAPDF, and for aMC@NLO internally reweighted, are shown. Two and three-
jet final states are included. Error bars show statistical uncertainty.
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mbb [GeV]


























mbb PDF Error-Bands for NNPDF23_nlo_as_0119
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure 5.27: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for the
NNPDF23 nlo as 0119 PDF set. Distributions for aMC@NLO reweighted with
LHAPDF, and for aMC@NLO internally reweighted, are shown. Two and three-
jet final states are included. Error bars show statistical uncertainty.
Figures 5.25, 5.26, and 5.27 show that for a given PDF set, the aMC@NLO
internal reweighting method produces similar results to the LHAPDF method.
The large uncertainties seen in figure 5.22, 5.23, and 5.24 are therefore not
due to the aMC@NLO internal reweighting calculations, but are instead due to
the large statistical uncertainties between the separately generated aMC@NLO
samples. The large uncertainties seen in figure 5.22, 5.23, and 5.24 are therefore
not due to systematic PDF uncertainties, but are due to statistical uncertainties
introduced by the need to generate separate samples when considering multiple
PDF sets with the aMC@NLO internal reweighting method. The systematic
uncertainties arising from PDFs as estimated using the aMC@NLO internal
reweighting method can not therefore be taken as accurate estimations of the
true PDF systematic uncertainties.
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Averaged Uncertainties
When considering uncertainties, only a region with a large number of events is
chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In this
region, no clear dependence of the uncertainties on mbb̄ is seen in figures 5.22,
5.23, and 5.24. An average value for each uncertainty, for each sample set, is
therefore calculated within the range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Figures 5.28, 5.29, and 5.30, show for each sample set, respectively the aver-
aged uncertainty set on the signal cross-section without analysis selection criteria
applied, with analysis selection criteria applied, and on signal acceptance. These
figures are for two and three-jet final states combined. Equivalent distributions
for two-jet and three-jet final states are shown in appendix B.1.5. The averaged
uncertainties are shown for sample sets ‘Pythia8’, ‘Powheg’, ‘aMC@NLO’, and
‘aMC@NLO-internal’ in tables 5.5, 5.6, 5.7, and 5.8 respectively.
Generator Type






















Uncertainty On Signal Cross-Section Arising From PDFs
Figure 5.28: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for
different sample sets.
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Generator Type






















Uncertainty On Signal Cross-Section Arising From PDFs
Figure 5.29: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, withmH = 125 GeV, with analysis selection criteria applied, for different
sample sets. Two and three-jet final states are included.
Generator Type


























Uncertainty On Signal Acceptance Arising From PDFs
Figure 5.30: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two and three-jet final
states are included.
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Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0410 3.0 0.00614 3.4 15.0 0.5
2 0.0410 3.0 0.00415 3.4 10.1 0.5
3 0.0410 3.0 0.00198 3.4 4.8 0.7
Table 5.5: Systematic uncertainties arising from PDFs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘Pythia8’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0344 2.7 0.00527 3.4 15.3 0.8
2 0.0344 2.7 0.00360 3.5 10.5 1.0
3 0.0344 2.7 0.00167 3.2 4.9 0.9
Table 5.6: Systematic uncertainties arising from PDFs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘Powheg’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0404 3.2 0.00551 3.6 13.6 0.5
2 0.0404 3.2 0.00354 3.6 8.8 0.6
3 0.0404 3.2 0.00197 3.4 4.9 0.5
Table 5.7: Systematic uncertainties arising from PDFs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 3.6 0.00551 4.6 13.6 3.0
2 0.0403 3.6 0.00353 4.4 8.8 2.3
3 0.0403 3.6 0.00197 7.4 4.9 6.2
Table 5.8: Systematic uncertainties arising from PDFs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO-internal’ sample
set.
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5.3.3 Conclusion
Systematic uncertainties arising from PDFs have been calculated and are shown
in tables 5.5, 5.6, 5.7, and 5.8. The choice then remains as to which set of
systematic uncertainties to take as the final results. Pythia8 generates hard
subprocesses to leading order in QCD. All other samples used in this study
generate hard subprocesses to next-to-leading order in QCD. On this basis, the
‘Pythia8’ results are discarded. Powheg Box has known issues when reweighting
with LHAPDF, as discussed in the introduction, section 5.3.1. Results using
the ‘Powheg’ sample can therefore not be taken to be correct, and as a result
are discarded. aMC@NLO reweighted using aMC@NLO’s internal reweighting
method, while more advanced in its reweighting calculations, brings in additional
statistical uncertainties into the results, as seen in section 5.3.2. These are
introduced by the need to generate separate samples when considering multiple
PDF sets. Results using the ‘aMC@NLO-internal’ sample can therefore not be
taken as accurate estimations of the true PDF systematic uncertainties, and as
a result are discarded. This leaves only the ‘aMC@NLO’ results shown in table
5.7. These are therefore taken as the best estimates of systematic uncertainties
arising from parton distribution functions.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 3.2%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 3.6%, and the uncertainty on signal acceptance
δA = 0.5%.
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5.4 Uncertainties Arising From αs
5.4.1 Introduction
The most recent world average of αs(mZ) = 0.1184±0.0007 [16]. Since there is an
uncertainty on αs(mZ), there will be a systematic uncertainty on our final results
arising from αs. For the purposes of the estimation of theoretical systematic
uncertainties in Monte Carlo samples however, it has been decided to use a more
conservative 1σ variation of ∆αs = 0.0012 [106].
In order to estimate the uncertainty on our final results due to αs, αs(mZ)
is adjusted by ±1σ while using the most accurate order of the αs(Q2) function
available. In the Monte Carlo samples used in this study, a two-loop αs(Q
2)
evolution function is used. The resulting changes in our final results are then
taken as ±1σ systematic uncertainties arising from αs.
αs is involved in several stages of Monte Carlo generation: PDFs, the hard
subprocess, and parton showering. It is important to ensure that αs is consistent
across different stages of Monte Carlo event generation. To ensure consistency,
each Monte Carlo sample used in this study is generated with PDFs corresponding
to the chosen value of αs(mZ) for that sample. The event generators used then
read in this value of αs(mZ) from the PDFs, and use this value in all other
calculations.
Due to the need to vary PDFs in order to estimate the systematic uncertainties
arising from αs, and the fact that different PDF sets are defined differently
(section 5.3), calculating the systematic uncertainties arising from αs must
be performed differently for PDFs from different collaborations, and then
subsequently combined. For each PDF collaboration’s PDF sets used in this
study, the method of calculation of systematic uncertainties arising from αs is
described in the following:
CT10nlo PDF Sets
For the CT10nlo PDF sets, PDF sets are available that correspond to the αs(mZ)
values of 0.117, 0.118, and 0.119. αs(mZ) = 0.118 is used as the central value of
αs(mZ) around which it is varied by ±1σ. The αs(mZ) values of 0.119 and 0.117
are used as the variations of + and − 1σ respectively.
The upper and lower uncertainties on a variable X of interest are then given
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X (αs (mZ) = 0.119)−X (αs (mZ) = 0.118) ,









X (αs (mZ) = 0.118)−X (αs (mZ) = 0.119) ,








) is used to scale for the ∆αs(mZ) = 0.001
variation used in the construction of the CT10nlo PDF sets, such that the
resulting uncertainties on the variable X are consistent with a 1σ uncertainty
band on αs(mZ) of ∆αs = 0.0012.
MSTW2008 PDF Sets
For the MSTW2008 PDF sets, PDF sets are available that correspond to the
αs(mZ) values of 0.11867, 0.120179, and 0.12140. αs(mZ) = 0.120179 is used as
the central value of αs(mZ) around which it is varied by ±1σ. The αs(mZ) values
of αs(mZ) = 0.120179+0.001221 = 0.12140 and αs(mZ) = 0.120179−0.001509 =
0.11867 are used as the variations of +1σ and −1σ respectively.




X (αs (mZ) = 0.12140)−X (αs (mZ) = 0.120179) ,











X (αs (mZ) = 0.120179)−X (αs (mZ) = 0.12140) ,








) is used to scale for the lower ∆αs(mZ) =
0.001509 variation used in the construction of the MSTW2008 PDF sets, such that
the resulting uncertainties on the variable X are consistent with a 1σ uncertainty
band on αs(mZ) of ∆αs = 0.0012. No scale factor is applied in the calculation of
the upper uncertainty as ∆αs = 0.001221 ≈ 0.0012.
NNPDF2.3 PDF sets
For the NNPDF2.3 PDF sets, PDF sets are available that correspond to the
αs(mZ) values of 0.118, 0.119, and 0.120. αs(mZ) = 0.119 is used as the central
value of αs(mZ) around which it is varied by ±1σ. The αs(mZ) values of 0.120
and 0.118 are used as the variations of + and − 1σ respectively.







X (αs (mZ) = 0.120)−X (αs (mZ) = 0.119) ,









X (αs (mZ) = 0.119)−X (αs (mZ) = 0.120) ,








) is used to scale for the ∆αs(mZ) = 0.001
variation used in the construction of the NNPDF2.3 PDF sets, such that the
resulting uncertainties on the variable X are consistent with a 1σ uncertainty
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band on αs(mZ) of ∆αs = 0.0012.
Combination Of PDF Sets




∆+X(CT10nlo) +X(CT10nlo, αs(mZ) = 0.118) ,
∆+X(MSTW2008) +X(MSTW2008, αs(mZ) = 0.120179) ,





X(CT10nlo, αs(mZ) = 0.118)−∆−X(CT10nlo) ,
X(MSTW2008, αs(mZ) = 0.120179)−∆−X(MSTW2008) ,








∆X = XUpper −XMid (5.31)
Samples Generated And Tested
pp → WH → `νbb̄ Monte Carlo samples, where ` = e or µ, were generated
as listed in table 5.9. 100000 events were generated per sample. Samples
were generated for each of the central members of the PDF sets CT10nlo,
MSTW2008nlo68cl, and NNPDF23 nlo as 0119, as well as for the PDFs cor-
responding to +1σ and −1σ for those PDF sets.
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5.4.2 Results
Cross-Sections And Acceptances
Figure 5.31 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure 5.32 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure 5.33
shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix C.1.1.
mbb [GeV]

















sαmbb Cross-Section With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure 5.31: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Systematic
uncertainty is shown as a band for each sample set. Error bars on each band
show the statistical uncertainty.
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mbb [GeV]














sαmbb Cross-Section With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure 5.32: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Systematic uncertainty is shown as a band for each
sample set. Error bars on each band show the statistical uncertainty.
mbb [GeV]
















sαSignal Acceptance With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure 5.33: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for different samples sets. Two and three-jet final states are included.
Systematic uncertainty is shown as a band for each sample set. Error bars on
each band show the statistical uncertainty.
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Uncertainties
Figure 5.34 shows systematic uncertainties on signal cross-section mbb̄ distribu-
tions without analysis selection criteria applied. Figure 5.35 shows the equivalent
distributions with analysis selection criteria applied. Figure 5.36 shows systematic
uncertainties on signal acceptance. These figures are for the inclusive jet
bin. Equivalent distributions for two-jet and three-jet final states are shown
in appendix C.1.2.
mbb [GeV]


























sαSystematic Uncertainty On Cross-Section Arising From 
Powheg   alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure 5.34: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for
different sample sets. Error bars show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown for the ‘Powheg’ sample set in
table 5.10, and for the ‘aMC@NLO’ sample set in table 5.11.
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mbb [GeV]


























sαSystematic Uncertainty On Cross-Section Arising From 
Powheg   alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure 5.35: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with analysis selection criteria applied, for
different sample sets. Two and three-jet final states are included. Error bars
show statistical uncertainty.
mbb [GeV]


























sαSystematic Uncertainty On Signal Acceptance Arising From 
Powheg alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure 5.36: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two and three-jet final
states are included. Error bars show statistical uncertainty.
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Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0344 3.1 0.00527 9.8 15.3 10.3
2 0.0344 3.1 0.00360 12.0 10.5 13.5
3 0.0344 3.1 0.00167 15.9 4.9 18.6
Table 5.10: Systematic uncertainties arising from αs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘Powheg’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 2.3 0.00551 6.9 13.6 6.6
2 0.0403 2.3 0.00353 9.2 8.8 8.9
3 0.0403 2.3 0.00197 8.5 4.9 7.9
Table 5.11: Systematic uncertainties arising from αs, for the WH → `νbb̄
analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO’ sample set.
5.4.3 Conclusion
Systematic uncertainties arising from αs have been calculated and are shown in
tables 5.10 and 5.11. Both sets of results are equally valid, however if the results
are to be combined with the aMC@NLO PDF systematic uncertainties calculated
in section 5.3 then for consistency the aMC@NLO αs systematic uncertainties
should be used. This allows, for example, non-linear estimation methods to
be used with the NNPDF PDF sets, when estimating combined uncertainties
from PDFs and αs. The combination of PDF and αs systematic uncertainties is
discussed in section 5.5.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 2.3%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 6.9%, and the uncertainty on signal acceptance
δA = 6.6%.
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5.5 Combination Of Uncertainties Arising From
Parton Distribution Functions And αs
5.5.1 Introduction
If we assume that systematic uncertainties arising from PDFs (section 5.3) are
independent of systematic uncertainties arising from αs (section 5.4), then we can
combine these uncertainties by summing them in quadrature. For a variable X
then,
∆X (PDF, αs) =
√
(∆X (PDF))
2 + (∆X (αs))
2 (5.32)
where ∆X (PDF) has been evaluated at a fixed value of αs(mZ), and ∆X (αs)
has been evaluated using a fixed PDF set type.
In sections 5.3 and 5.4, asymmetric uncertainties for ∆X (PDF) and ∆X (αs)
have been calculated. The appropriate asymmetric quadratic combinations are
then:



















For the CT10nlo and MSTW2008 PDF sets, this method of PDF and αs
uncertainty combination is used. This is the only method available for the
CT10nlo PDF sets, as a PDF error set (thus suitable for calculating ∆X (PDF))
is only available for one value of αs(mZ), and only central member PDFs are
available for other values of αs(mZ) (this range of PDF sets, corresponding to a
range of αs(mZ), being suitable for calculating ∆X (αs)). There is not sufficient
information available to estimate the correlation between ∆X (PDF) and ∆X (αs).
If we do not make the assumption that ∆X (PDF) and ∆X (αs) are inde-
pendent, then for the NNPDF2.3 PDF sets we can calculate ∆X(PDF, αs) by
the following method: NNPDF2.3 PDF sets are available for 11 different values
of αs(mZ), and each PDF set contains a replica-type error-set (section 2.3.4).
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A variable of interest X is calculated with (or reweighted to) each of the replica
PDFs of the NNPDF2.3 PDF sets. These X values are then averaged, X
with each value weighted depending to its corresponding αs(mZ) value, and the















where P is the number of PDF sets used. n is the number of PDFs in each
error set. P = 11 and n = 100 for NNPDF2.3. αs(mZ)i is the αs(mZ) value
used in the construction of the ith PDF set. PDFij is the jth PDF in the error
set of the ith PDF set. X(PDFij, αs(mZ)i) is the value of X calculated with (or
reweighted to) PDF PDFij.
The weight Wi is the probability of αs(mZ)i as given by the probability density
function of αs(mZ). The probability density function of αs(mZ) is assumed to
be a Gaussian centred around αs(mZ)0 with a standard deviation of ∆αs =
0.0012. αs(mZ)0 = 0.119 for NNPDF2.3. The weight Wi is therefore equal to the

















Wi (X (PDFij, αs(mZ)i)− 〈X〉)2 (5.38)
This standard deviation is the ±1σ uncertainty due to PDFs and αs,
∆X(PDF, αs).
Both the linear and non-linear methods of estimating ∆X can be calculated
for NNPDF2.3. Differences between these results will indicate the extent of the
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nonlinearity of the uncertainties due to ∆X (PDF) and ∆X (αs) in NNPDF2.3.
Combination Of PDF Sets
For a given sample set, the overall combined uncertainty ∆X due to PDFs and




















∆X = XUpper −XMid (5.42)
Samples Generated And Tested
Combinations of samples used to calculate combined PDF and αs systematic
uncertainties are listed in table 5.12.
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5.5. Combination Of Uncertainties Arising From Parton Distribution Functions And
αs
All sample sets use linear PDF and αs combinations for the CT10nlo and
MSTW2008 PDF sets, using results as derived in sections 5.3 and 5.4. The
samples sets using linear NNPDF2.3 combination also use PDF and αs NNPDF2.3
results as derived in sections 5.3 and 5.4. The sample sets using nonlinear
NNPDF2.3 combination make use of equation 5.38 and its associated method,
with either LHAPDF or aMC@NLO’s internal reweighting method to reweight
generated events to different NNPDF2.3 PDFs.
5.5.2 Results
Cross-Sections And Acceptances
Figure 5.37 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure 5.38 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure 5.39
shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix D.1.1.
mbb [GeV]

















sαmbb Cross-Section With Systematic Uncertainty Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure 5.37: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Systematic
uncertainty is shown as a band for each sample set. Error bars on each band
show the statistical uncertainty.
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sαmbb Cross-Section With Systematic Uncertainty Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure 5.38: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Systematic uncertainty is shown as a band for each
sample set. Error bars on each band show the statistical uncertainty.
mbb [GeV]
















sαSignal Acceptance With Systematic Uncertainty Arising From PDFs And 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure 5.39: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for different samples sets. Two and three-jet final states are included.
Systematic uncertainty is shown as a band for each sample set. Error bars on
each band show the statistical uncertainty.
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Uncertainties
Figure 5.40 shows systematic uncertainties on signal cross-section mbb̄ distribu-
tions without analysis selection criteria applied. Figure 5.41 shows the equivalent
distributions with analysis selection criteria applied. Figure 5.42 shows systematic
uncertainties on signal acceptance. Equivalent distributions for two-jet and three-
jet final states are shown in appendix D.1.2.
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sαSystematic Uncertainty On Cross-Section Arising From PDF and 
aMCatNLO pdf + Powheg   alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure 5.40: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, with mH = 125 GeV, without analysis selection criteria applied, for
different sample sets. Error bars show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown for the ‘aMC@NLO PDF
+ Powheg αs linear’ sample set in table 5.13, for the ‘aMC@NLO PDF
+ aMC@NLO αs linear’ sample set in table 5.14, the ‘aMC@NLO PDF +
aMC@NLO αs nonlinear LHAPDF’ sample set in table 5.15, and the ‘aMC@NLO
PDF + aMC@NLO αs nonlinear internal’ sample set in table 5.16.
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sαSystematic Uncertainty On Cross-Section Arising From PDF and 
aMCatNLO pdf + Powheg   alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure 5.41: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with analysis selection criteria applied, for
different sample sets. Two and three-jet final states are included. Error bars
show statistical uncertainty.
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sαSystematic Uncertainty On Signal Acceptance Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure 5.42: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two and three-jet final
states are included. Error bars show statistical uncertainty.
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Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0344 4.3 0.00527 10.0 15.3 10.4
2 0.0344 4.3 0.00360 12.3 10.5 13.5
3 0.0344 4.3 0.00167 16.2 4.9 18.6
Table 5.13: Systematic uncertainties arising from PDFs and αs combined, for the
WH → `νbb̄ analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO
PDF + Powheg αs linear’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 3.7 0.00551 7.5 13.6 6.6
2 0.0403 3.7 0.00353 9.9 8.8 8.9
3 0.0403 3.7 0.00197 9.1 4.9 7.9
Table 5.14: Systematic uncertainties arising from PDFs and αs combined, for the
WH → `νbb̄ analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO
PDF + aMC@NLO αs linear’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 3.8 0.00551 7.5 13.6 6.3
2 0.0403 3.8 0.00353 9.4 8.8 7.9
3 0.0403 3.8 0.00197 7.7 4.9 7.3
Table 5.15: Systematic uncertainties arising from PDFs and αs combined, for the
WH → `νbb̄ analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO
PDF + aMC@NLO αs nonlinear LHAPDF’ sample set.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 3.8 0.00551 7.4 13.6 6.3
2 0.0403 3.8 0.00353 9.4 8.8 7.9
3 0.0403 3.8 0.00197 7.6 4.9 7.3
Table 5.16: Systematic uncertainties arising from PDFs and αs combined, for the
WH → `νbb̄ analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO
PDF + aMC@NLO αs nonlinear internal’ sample set.
5.5.3 Conclusion
Combined systematic uncertainties arising from PDFs and αs have been calcu-
lated and are shown in tables 5.13, 5.14, 5.15, 5.16. For consistency in using
the same event generator for both PDFs and αs uncertainty calculations, the
‘aMC@NLO PDF + Powheg αs linear’ sample set results are discarded. Small
differences are seen between the ‘aMC@NLO PDF + aMC@NLO αs linear’ results
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that use linear NNPDF2.3 combination, and the ‘aMC@NLO PDF + aMC@NLO
αs nonlinear LHAPDF’ and ‘aMC@NLO PDF + aMC@NLO αs nonlinear
internal’ results that use linear NNPDF2.3 combination. This indicates that
systematic uncertainties arising from PDFs and αs are not linearly independent.
The results that use linear NNPDF2.3 combination are therefore discarded.
For the ‘aMC@NLO PDF + aMC@NLO αs nonlinear internal’ sample
set results, all reweighted events were generated in the same sample, since
reweighting is only done for the NNPDF2.3 PDF set. This avoids introducing
statistical uncertainties into the results as seen in section 5.3. Either the
‘aMC@NLO PDF + aMC@NLO αs nonlinear LHAPDF’ or the ‘aMC@NLO
PDF + aMC@NLO αs nonlinear internal’ results can therefore be used. For
consistency in reweighting methods, since the PDF results calculated in section
5.3 use LHAPDF reweighting, so the results here that use LHAPDF reweighting
for the nonlinear NNPDF2.3 combination shall be used. The results shown for
the ‘aMC@NLO PDF + aMC@NLO αs nonlinear LHAPDF’ sample set in table
5.15 are therefore taken to be the best estimates of the true combined systematic
uncertainties arising from PDFs and αs.
As σinclusive and δσinclusive are unaffected by jet-bin choice (by definition), a
more accurate calculation of the uncertainty δσinclusive can be used. In [98] the
uncertainty on the inclusive WH cross section is calculated to NNLO in QCD and
NLO in electroweak perturbative expansion, and is given as δσinclusive = 2.3%. This
is compared to the results presented in this chapter, which have been calculated
to NLO in QCD and electroweak perturbative expansion.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 2.3%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 7.5%, and the uncertainty on signal acceptance
δA = 6.3%.
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5.6 Uncertainties Arising From
Parton Showering And Hadronisation
5.6.1 Introduction
Initial And Final-State Radiation Parton Showering
Initial-state radiation (ISR) and final-state radiation (FSR) are both processes
modelled with parton showering. These modelling processes have systematic
uncertainties associated with them. Uncertainties arising from ISR and FSR
modelling can be estimated by comparing simulations with these processes
switched on and off. However, switching off ISR and FSR will affect other
processes in Monte Carlo simulations, such as hadronisation. To better
understand the effects of parton shower modelling, one can consider different
models available. The difference between the predictions of different models will
give an indication of the uncertainty due to this modelling. Parton shower models
can largely be divided into two types: angular-ordered models and k⊥-ordered
dipole models.
Angular-ordered models
These models consider the probability for any single parton to emit another
parton in a 1 → 2 body process. They order emissions by emission angle
θ, the angle between an emitted parton and the parton that has emitted
it. For a given parton, the first parton that it emits will have the largest
value of θ. These types of parton showering models are thus known as
angular-ordered parton shower models.
k⊥-ordered dipole models
These parton showering models consider colour connections between par-
tons, where two partons connected by a colour line make up a colour ‘dipole’.
This colour line can emit partons, thus making this a 2→ 3 body process.
The emitted parton will have a non-zero k⊥, the momentum of the emitted
parton perpendicular to the axis of the colour line that has emitted it.
Since a gluon will be connected to two partons by colour lines, if one colour
line emits a parton, which will cause the gluon to recoil, this may affect
subsequent emissions from the other colour line. Due to this interconnection
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between many partons through colour lines, the parton showering of the
entire event must be evolved as one process. At any given point in the
evolution of a parton shower by this method, the next emission will be the
emission with the largest k⊥. These types of parton showering models are
thus known as k⊥-ordered dipole parton shower models.
αs effects on parton showering
Parton showers are affected by variations in αs. If αs is increased (decreased) then
the probability of emission of colour-charged particles is increased (decreased),
thus emissions will occur more (less) frequently. Additionally, varying αs will
have non-trivial effects on the energy and momentum of an emitted particle.
However, the uncertainty on parton showering due to αs variation is included in
uncertainties due to αs (sections 5.4 and 5.5). Further parton shower modelling
effects are therefore dealt with separately.
Hadronisation
All hadronisation models can be sorted into one of two categories: models based
on the Lund string model [107, 108], and models based on colour clustering [108,
109]. If these two types of models are considered to be equally valid, then by
comparing results using different types of models, an estimate of the systematic
uncertainties arising from hadronisation modelling can be obtained. Two Monte
Carlo samples are generated, one using a Lund string model for hadronisation,
and the other using a colour clustering model for hadronisation. Results between
the two samples are then compared.
Samples Generated And Tested
Systematic uncertainties arising from parton showering and hadronisation are
considered together, to allow for possible correlation. To do this, the samples
listed in table 5.17 were generated. 100000 events were generated for each sample.
Both samples use the Powheg method for NLO hard subprocess generation, one
with Powheg Box, and the other with Herwig++’s internal implementation of
the Powheg method.
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Figure 5.43 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure 5.44 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure 5.45
shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix E.1.1.
mbb [GeV]



















mbb Distribution Without Analysis Selection Criteria And With Different Event Generators
Powheg_Box+Pythia8
Herwig++ with internal Powheg method
Figure 5.43: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Error bars
show statistical uncertainty.
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mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With Different Event Generators
Powheg_Box+Pythia8
Herwig++ with internal Powheg method
Figure 5.44: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Error bars show statistical uncertainty.
mbb [GeV]

















Herwig++ with internal Powheg method
Figure 5.45: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for different samples sets. Two and three-jet final states are included.
Error bars show statistical uncertainty.
Uncertainties
For two and three-jet final states, figure 5.46 shows systematic uncertainties on
signal cross-section with and without analysis selection criteria applied, as well
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as systematic uncertainties on signal acceptance. Equivalent distributions for
two-jet and three-jet final states are shown in appendix E.1.2.
mbb [GeV]































Systematic Uncertainty Arising From Parton Showering And Hadronisation
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure 5.46: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two and three-jet final states are included. Error bars
show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown in table 5.18.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0458 4.6 0.00696 5.2 15.1 3.5
2 0.0458 4.6 0.00472 7.9 10.1 6.6
3 0.0458 4.6 0.00224 2.7 5.0 2.4
Table 5.18: Systematic uncertainties arising from parton showering and
hadronisation, for the WH → `νbb̄ analysis, with mH = 125 GeV.
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5.6.3 Conclusion
Combined systematic uncertainties arising from parton showering and hadronisa-
tion have been calculated and are shown in table 5.18. These results are taken to
be the best estimates of the true combined systematic uncertainties arising from
parton showering and hadronisation.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 4.6%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 5.2%, and the uncertainty on signal acceptance
δA = 3.5%.
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5.7 Uncertainties Arising From The Underlying
Event
5.7.1 Introduction
The underlying event, also known as multi-parton interactions (MPI), adds low-
energy activity to an event. We must therefore understand how MPI modelling
affects our final results, and estimate systematic uncertainties on our final results
due to this modelling.
Scaling MPI Uncertainty Estimation Method
One way to investigate the effects of MPI modelling is to vary the MPI activity,
and observe the effects of these variations on variables of interest. In Pythia 8,
MPI activity can be adjusted by varying the MultipartonInteractions:ecmPow
(ecmPow for short) parameter. Increasing (decreasing) ecmPow decreases (in-
creases) MPI activity in the generated events. In the AU2 (ATLAS Underlying
Event Tune 2) tune used in this analysis, the default value for ecmPow = 0.16.
To estimate the systematic uncertainties arising from MPI, ecmPow is varied by
factors of 1
2
and 2. Three samples are produced: one with ‘normal’ MPI activity
(ecmPow = 0.16), one with increased (‘scaled up’) MPI activity (ecmPow = 0.08),
and one with decreased (‘scaled down’) MPI activity (ecmPow = 0.32). The
resulting overall change in a variable of interestX is taken as twice the uncertainty
on X due to these variations in MPI activity:
X+ = max [ X(MPI Scale Up) , X(MPI Scale Normal) , X(MPI Scale Down) ]
(5.44)
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On-Off MPI Uncertainty Estimation Method
A simple way to investigate the effects of MPI modelling is to switch this
modelling on and off. Due to the extreme nature of entirely switching off MPI
modelling in event generation, this method can only be used to set conservative
upper limits on the systematic uncertainties arising from MPI. The on-off method
has been used to estimate systematic uncertainties arising from MPI, and this is
detailed in appendix F.2, allowing for comparison with the MPI scaling method.
Plateau Height Retuning MPI Uncertainty Estimation Method
A more robust method for estimating systematic uncertainties arising from MPI is
the plateau-height retuning method. Due to the added complexity of this method,
requiring event generator tuning, it has not been employed in the following results.
It is, however, described in appendix F.1.
Samples Generated And Tested
The plateau-height retuning method, due to the added complexity of retuning,
has not been employed in the following results. The MPI scaling method is
a more robust method for estimating systematic uncertainties arising from the
underlying event than the on-off method. The MPI scaling method is therefore
used in the following results. Three samples were generated in order to study
systematic uncertainties arising from the underlying event. They are listed in
table 5.19. Uncertainties are calculated according to equation 5.46.
Sample Hard subprocess Showering Generated
ecmPow
set event generator event generator with PDF
‘MPI Scale Normal’ Powheg Box Pythia8 CT10nlo CM 0.16
‘MPI Scale Up’ Powheg Box Pythia8 CT10nlo CM 0.08
‘MPI Scale Down’ Powheg Box Pythia8 CT10nlo CM 0.32
Table 5.19: Monte Carlo samples generated for the estimation of systematic
uncertainties arising from the underlying event with the MPI scaling method.
‘CM’ means the Central Member of the PDF set.
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5.7.2 Results
Cross-Sections And Acceptances
Figure 5.47 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure 5.48 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure 5.49
shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix F.3.1.
mbb [GeV]

















mbb Distribution Without Analysis Selection Criteria And With Different MPI Scales
Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure 5.47: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Error bars
show statistical uncertainty.
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mbb Distribution With Analysis Selection Criteria And With Different MPI Scales
Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure 5.48: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Error bars show statistical uncertainty.
mbb [GeV]
















Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure 5.49: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for different samples sets. Two and three-jet final states are included.
Error bars show statistical uncertainty.
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Uncertainties
For two and three-jet final states, figure 5.50 shows systematic uncertainties on
signal cross-section with and without analysis selection criteria applied, as well
as systematic uncertainties on signal acceptance. Equivalent distributions for
two-jet and three-jet final states are shown in appendix F.3.2.
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Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure 5.50: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two and three-jet final states are included. Error bars
show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown in table 5.20.
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Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 3.7 0.00524 4.1 15.0 3.3
2 0.0350 3.7 0.00356 4.4 10.2 4.6
3 0.0350 3.7 0.00169 6.5 4.8 4.2
Table 5.20: Systematic uncertainties arising from the underlying event, calculated
using the MPI scaling method, for the WH → `νbb̄ analysis, with mH = 125 GeV.
5.7.3 Conclusion
Systematic uncertainties arising from the underlying event have been calculated
and are shown in table 5.20. They have been calculated using the MPI scaling
method. They are taken to be, for this analysis, the best estimates of the true
systematic uncertainties due the underlying event.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 3.7%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 4.3%, and the uncertainty on signal acceptance
δA = 3.3%.
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5.8 Uncertainties Arising From Next To Lead-
ing Order Matching
Care must be taken in Monte Carlo particle physics simulations when combining
matrix elements of hard subprocesses with parton shower modelling to avoid
double counting partonic states, double counting regions of simulation phase
space, or under-counting other regions. For example, when calculating matrix
elements to NLO in QCD, the matrix element will contain one extra emission,
the NLO emission. This extra emission could also be simulated by the parton
shower. Care must therefore be taken to not double-count this extra emission
parton configuration. Some corrections to the Monte Carlo simulations must
therefore be performed in order to match the hard subprocess calculations to the
parton shower modelling. With NLO hard subprocess calculations this is referred
to as NLO matching. The question then arises as to whether there are systematic
uncertainties on our final results arising from this NLO matching process.
Both the Powheg Box and aMC@NLO programs calculate hard subprocesses
to NLO accuracy (and thus have NLO-accurate event kinematics). They also
perform NLO matching process in a way that is accurate to O(αs) for the cross-
section [108]. During the development of the WH → `νbb̄ analysis (described
in chapter 4), different options were considered for which event generators to
use to generate WH → `νbb̄ signal Monte Carlo samples. Both the use of just
Pythia 8 (LO), and the use of Powheg Box combined with Pythia 8 (NLO), were
considered. Due to more generated Monte Carlo events being available, Pythia 8
(LO) was used in the final results. As Pythia 8 generates events to LO in QCD,
there is no NLO matching, and thus no uncertainty on the final results from
NLO matching. For the NLO Monte Carlo samples generated as part of the work
presented in this thesis, since they use either Powheg Box or aMC@NLO, any
systematic uncertainties on these samples arising from NLO matching, being of
order O(αs), are contained within the systematic uncertainties arising from αs,
and therefore do not need to be considered as additional systematic uncertainties
on results. Likewise, had Powheg Box combined with Pythia 8 been chosen to
generate the signal samples for the WH → `νbb̄ analysis, systematic uncertainties
arising from NLO matching on these samples would also have been contained
within systematic uncertainties arising from αs.
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5.9 Uncertainties Arising From QED
Corrections
5.9.1 Introduction
Radiative QED corrections to particle decays - the emission of electromagnetic
radiation from leptons - can be modelled by bolt-on programs such as Photos
[89], used within Monte Carlo simulations in event generators. Photos is used
within the Monte Carlo simulation of the WH → `νbb̄ process samples used in
the analysis described in chapter 4. This modelling of radiative QED corrections
will bring with it systematic uncertainties on final results. To investigate this,
different QED correction are considered in order to determine their effect on final
results. In the case of the WH → `νbb̄ samples used in the analysis described
in chapter 4, Photos is used within the Pythia8 event generator. In order to
include Photos in Pythia8, Pythia8’s own modelling of radiative QED corrections
to particle decays must be switched off. This provides two different models of
radiative QED corrections to particle decays: Photos, and Pythia8’s internal
modelling of radiative QED corrections.
Samples Generated And Tested
Two samples were generated for this study. They are listed in table 5.21.
The ‘Photos’ sample uses the Photos QED corrections. The ‘Pythia8’ sam-
ple uses Pythia8’s QED corrections. For a variable X, the value ∆X =
|X(Photos QED corrections) − X(Pythia8 QED corrections)|/2 is computed
and taken as an estimate of the systematic uncertainty arising from radiative
QED corrections to particle decays.
Sample Hard subprocess Showering Photos Pythia8’s
set event generator event generator QED corrections QED corrections
‘Photos’ Powheg Box Pythia8 Switched on Switched off
‘Pythia8’ Powheg Box Pythia8 Switched off Switched on
Table 5.21: Monte Carlo samples generated for the estimation of systematic
uncertainties arising from QED corrections.
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5.9.2 Results
Cross-Sections And Acceptances
Figure 5.51 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure 5.52 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure 5.53
shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix G.1.1.
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mbb Distribution Without Analysis Selection Criteria And With Different QED Corrections
Photos QED corrections
Pythia8 QED corrections
Figure 5.51: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Error bars
show statistical uncertainty.
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mbb Distribution With Analysis Selection Criteria And With Different QED Corrections
Photos QED corrections
Pythia8 QED corrections
Figure 5.52: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Error bars show statistical uncertainty.
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Figure 5.53: Signal acceptance, for the WH → `νbb̄ analysis, with mH =
125 GeV, for different samples sets. Two and three-jet final states are included.
Error bars show statistical uncertainty.
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Uncertainties
For two and three-jet final states, figure 5.54 shows systematic uncertainties on
signal cross-section with and without analysis selection criteria applied, as well
as systematic uncertainties on signal acceptance. Equivalent distributions for
two-jet and three-jet final states are shown in appendix G.1.2.
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Systematic Uncertainty Arising From QED Corrections
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure 5.54: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two and three-jet final states are included. Error bars
show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown in table 5.22.
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Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 1.1 0.00524 2.7 15.0 2.1
2 0.0350 1.1 0.00356 3.8 10.2 2.9
3 0.0350 1.1 0.00169 4.8 4.8 4.1
Table 5.22: Systematic uncertainties arising from radiative QED corrections, for
the WH → `νbb̄ analysis, with mH = 125 GeV.
5.9.3 Conclusion
Systematic uncertainties arising from radiative QED corrections to particle decays
have been calculated and are shown in table 5.22. These results are taken to be
the best estimates of the true systematic uncertainties arising from radiative QED
corrections to particle decays.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 1.1%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 2.7%, and the uncertainty on signal acceptance
δA = 2.1%.
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5.10 Combination Of Theoretical Uncertainties
The following source of systematic uncertainty is neglected:
• Next to leading order (NLO) matching
as Monte Carlo samples generated as part of this study either do not contain
NLO matching, or, where they do, systematic uncertainties arising from this
source are contained within systematic uncertainties arising from αs uncertainty.
The remaining sources of systematic uncertainty are:
• Scale factors
• Parton distribution functions and αs combined
• Initial and final-state radiation parton showering, and hadronisation,
combined
• The underlying event
• Radiative QED corrections to particle decays
The estimates of these uncertainties, as discussed in this chapter, are repeated
here for clarity.
Uncertainties arising from scale factors, from section 5.2:
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 2.5 0.00524 4.3 15.0 5.3
2 0.0350 2.5 0.00356 9.8 10.2 10.4
3 0.0350 2.5 0.00169 10.9 4.8 11.2
Table 5.23: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, taking account of logarithmic cancellations.
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Combined uncertainties arising from parton distribution functions and αs,
from section 5.5:
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0403 3.8 0.00551 7.5 13.6 6.3
2 0.0403 3.8 0.00353 9.4 8.8 7.9
3 0.0403 3.8 0.00197 7.7 4.9 7.3
Table 5.24: Systematic uncertainties arising from PDFs and αs combined, for the
WH → `νbb̄ analysis, with mH = 125 GeV, calculated using the ‘aMC@NLO
PDF + aMC@NLO αs nonlinear LHAPDF’ sample set.
Combined uncertainties arising from parton showering and hadronisation,
from section 5.6:
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0458 4.6 0.00696 5.2 15.1 3.5
2 0.0458 4.6 0.00472 7.9 10.1 6.6
3 0.0458 4.6 0.00224 2.7 5.0 2.4
Table 5.25: Systematic uncertainties arising from parton showering and
hadronisation, for the WH → `νbb̄ analysis, with mH = 125 GeV.
Uncertainties arising from the underlying event, from section 5.7:
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 3.7 0.00524 4.1 15.0 3.3
2 0.0350 3.7 0.00356 4.4 10.2 4.6
3 0.0350 3.7 0.00169 6.5 4.8 4.2
Table 5.26: Systematic uncertainties arising from the underlying event, calculated
using the MPI scaling method, for the WH → `νbb̄ analysis, with mH = 125 GeV.
Uncertainties arising from radiative QED corrections, from section 5.9:
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 1.1 0.00524 2.7 15.0 2.1
2 0.0350 1.1 0.00356 3.8 10.2 2.9
3 0.0350 1.1 0.00169 4.8 4.8 4.1
Table 5.27: Systematic uncertainties arising from radiative QED corrections, for
the WH → `νbb̄ analysis, with mH = 125 GeV.
186
5.10. Combination Of Theoretical Uncertainties
These uncertainties are summed in quadrature to obtain overall systematic
uncertainties on the cross-section of pp → WH → `νbb̄ production, and its




+ ∆2Parton distribution functions and αs combined
+ ∆2Parton showering and Hadronisation combined
+ ∆2The underlying event
+ ∆2Radiative QED corrections to particle decays (5.47)
These combined uncertainties are shown in table 5.29
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 8.8 0.00524 12.3 15.0 9.4
2 0.0350 8.8 0.00356 18.1 10.2 15.0
3 0.0350 8.8 0.00169 16.6 4.8 14.8
Table 5.28: Combined theoretical systematic uncertainties on WH → bb̄ signal,
for the WH → `νbb̄ analysis, with mH = 125 GeV.
Table 5.28 presents the combined results using only the uncertainty values
calculated in this chapter.
In the cases of scale factor uncertainties, and parton distribution functions
and αs combined uncertainties, more accurate values of these uncertainties on the
inclusive signal cross section are given in [98]. These values are δσinclusive = 1.0%
for scale factors, and δσinclusive = 2.3% for parton distribution functions and αs
combined. These values have been used in the results presented in table 5.29.
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 7.7 0.00524 12.3 15.0 9.4
2 0.0350 7.7 0.00356 18.1 10.2 15.0
3 0.0350 7.7 0.00169 16.6 4.8 14.8
Table 5.29: Combined theoretical systematic uncertainties on WH → bb̄ signal,




Sources of theoretical uncertainty on WH → `νbb̄ Monte Carlo signal samples, for
mH = 125 GeV, have been considered and estimated. The combined theoretical
uncertainties given in table 5.29 are taken to be the best estimates of the
true uncertainties, as they use renormalisation and factorisation scale factor
uncertainties, and combined PDF and αs uncertainties, on the inclusive signal
cross section from [98]. These uncertainties from [98] are considered to be more
accurate estimates than the equivalent values calculated in this chapter.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 7.7%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 12.3%, and the uncertainty on signal acceptance
δA = 9.4%.
For two and three-jet final states, the largest uncertainty on the inclusive cross-
section Njets is due to the combination of parton showering and hadronisation.
The largest uncertainties on the cross section after analysis selection criteria
have been applied σasc, and signal acceptance A, come from the combination
of uncertainties arising from parton distribution functions and αs.
Future estimates of uncertainties arising from the underlying event could be
improved through the use of the plateau-height retuning method, described in
appendix F.1. Future estimates of uncertainties arising from the combination
of parton showering and hadronisation could be improved through new event
generator tuning to the latest LHC data. They could also be improved through
comparisons of additional event generator setups, to better estimate the true
standard deviation on results due to parton showering and hadronisation. Future
estimates of uncertainties arising from scale factors could be improved through
the use of higher-order calculations.
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Chapter 6
Results Of The Search For The
Higgs Boson In The WH → bb̄
And V H → bb̄ Channels
6.1 Introduction
The procedures of the search for the Higgs boson in the WH → `νbb̄, ZH → νν̄bb̄
and ZH → `¯̀bb̄ channels at the ATLAS detector have been presented in chapter
4, including systematic uncertainties on backgrounds. Systematic uncertainties
on the WH → `νbb̄ signal process have been estimated and discussed in chapter 5.
For convenience, the final uncertainties on the the WH → `νbb̄ signal process are
summarised in section 5.10. These uncertainties have been applied as nuisance
parameters in the global fit, as described in chapter 4 section 4.7, in order to
produce the results presented in this chapter. For inclusive cross-sections of
Higgs boson production, values used in the global fit are taken from [32], as
these values have been calculated to next-to-next-to-leading order (NNLO) in
the perturbative expansion of QCD, and to next-to-leading order (NLO) in the
perturbative expansion of electroweak corrections. The results of this global fit
is presented here for the 1-lepton channel, designed to target the WH → `νbb̄
process, as well as the results of this this channel combined with the 0 and 2-
lepton channels, which are designed to target the ZH → νν̄bb̄ and ZH → `¯̀bb̄
processes respectively.
For each channel, and the combination of the channels, upper limits are set on
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6.1. Introduction
the signal strength µ = σ/σSM, as described in chapter 4. µ is the cross-sections
of the processes as measured in data (σ) compared to the cross-sections predicted
by the Standard Model (σSM). These limits are presented with a confidence
level of 95% for a range of possible Higgs boson masses. Both the expected and
observed limits are presented. Expected limits show the expected sensitivity of
the analysis, given the available data. They say that, given the available data,
the analysis should be sensitive enough to set 95% confidence upper limits on the
ratios of σ/σSM, corresponding to the expected limits. They are shown with 1σ
(green) and 2σ (yellow) uncertainty bands. The observed limits are the limits
obtained with data.
If an observed 95% confidence upper limit on the ratio of σ/σSM is found
to be less than 1 for a given Higgs boson mass, then is can be concluded with
95% confidence that a Higgs boson with that mass does not exist in the channel
corresponding to the limit.
190
6.2. Input mbb̄ And b-Tagging Distributions
6.2 Input mbb̄ And b-Tagging Distributions
mbb̄ distributions, and distributions of the MV1c b-tagging algorithm output, are
used as inputs to the global fit, as described in chapter 4. mbb̄ distributions are
used in the signal regions of the analysis, where two hadronic jets have been
b-tagged. In regions where only one hadronic jets has been b-tagged, MV1c
distributions are used.
For all input distributions, separate histograms are used as inputs for each of
the different lepton-number channels (0-lepton, 1-lepton, and 2-lepton), as well
as for each of the different pVT bins within each lepton-number channels, and the
number of hadronic jets in the final state (two or three). Furthermore, separate
input distributions are used for each of the three signal b-tagging regions: LL,
MM, and TT. For each input distribution, the bins of the histogram making
up that distribution are used as the bins for the liklihood fit 4.2, with each
background and signal in that bin allowed to float according to the nuisance
parameters of the fit.
Figures 6.1, 6.2, and 6.3 show mbb̄ distributions, before and after the global fit
has been performed, respectively for the 0, 1, and 2-lepton channels. They show
the TT b-tagging regions with two jets in the final state and 200 GeV < pVT .
Figures 6.4, 6.5, and 6.6 show MV1c distributions, before and after the global
fit has been performed, respectively for the 0, 1, and 2-lepton channels.
Additional mbb̄ and MV1c distributions are shown in Appendix H.1.
mbb̄ distributions after the global fit, with all backgrounds except diboson
subtracted, are shown in figure 6.7.
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Figure 6.1: mbb̄ distributions in the 0-lepton channel, 200 GeV < p
V
T bin, before
(left) and after (right) the global fit. The two-jet, TT b-tagging region is shown.
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6.2. Input mbb̄ And b-Tagging Distributions
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Figure 6.2: mbb̄ distributions in the 1-lepton channel, 200 GeV < p
V
T bin, before
(left) and after (right) the global fit. The two-jet, TT b-tagging region is shown.
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Figure 6.3: mbb̄ distributions in the 2-lepton channel, 200 GeV < p
V
T bin, before
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Figure 6.4: MV1c distributions in the 0-lepton channel, 120 GeV < pVT < 160 GeV
bin, before (left) and after (right) the global fit. The two-jet, one-tag b-tagging
region is shown.
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Figure 6.5: MV1c distributions in the 1-lepton channel, 120 GeV < pVT < 160 GeV
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Figure 6.6: MV1c distributions in the 2-lepton channel, 120 GeV < pVT < 160 GeV
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Ldt = 20.3 fb∫ = 8 TeV s
0+1+2 lep., 3 jets, 2 tags
Figure 6.7: mbb̄ distributions after the global fit, with all backgrounds except
diboson subtracted, for the two-jet (left) and three-jet (right) final states.
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6.3. 1-Lepton Channel Results
6.3 1-Lepton Channel Results
For the 1-lepton channel, designed to target the WH → `νbb̄ process, the 95%
confidence upper limit on the ratio of σ/σSM is shown in figure 6.8. The limits for
each of the tested Higgs boson masses are listed in table 6.1. Dominant post-fit
systematic uncertainties for the mH = 125 GeV mass point are given in appendix
J.
Figure 6.8: 95% confidence upper limit on the ratio of σ/σSM for the 1-lepton
channel for a range of possible Higgs boson masses.
Higgs boson mass [GeV] Exp. +2σ +1σ −1σ −2σ Obs.
110 1.00 1.86 1.39 0.72 0.54 1.72
115 1.10 2.06 1.53 0.79 0.59 2.00
120 1.28 2.39 1.79 0.92 0.69 2.80
125 1.65 3.09 2.30 1.19 0.89 3.97
130 2.04 3.81 2.84 1.47 1.10 4.22
135 2.63 4.90 3.66 1.89 1.41 4.56
140 3.75 6.99 5.22 2.70 2.01 6.05
Table 6.1: 95% confidence upper limit on the ratio of σ/σSM for the 1-lepton
channel for a range of possible Higgs boson masses.
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6.3. 1-Lepton Channel Results
The 1-lepton channel results show the observed 95% confidence upper limit on
the ratio of σ/σSM being in excess of the expeccted limit for all tested Higgs boson
masses. This indicates an excess of events in data compated to the Standard
Model prediction. It can be noted however that there is a larger excess of events
centred around a Higgs boson mass of 125 GeV.
For a Standard Model Higgs boson with a mass of 125 GeV, the observed
(expected) 95% confidence upper limit on the ratio of σ/σSM in the 1-lepton




For the 0 and 2-lepton channels, designed to target the ZH → νν̄bb̄ and ZH →
`¯̀bb̄ processes respectively, the 95% confidence upper limits on the ratios of σ/σSM
are shown in figures 6.9 and 6.10. The limits for each of the tested Higgs boson
masses are listed in tables 6.2 and 6.3. Dominant post-fit systematic uncertainties
for the mH = 125 GeV mass point are given in appendix J.
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 Ldt = 20.3 fb∫ = 8 TeV,  s
Figure 6.9: 95% confidence upper limit on the ratio of σ/σSM for the 0-lepton
channel for a range of possible Higgs boson masses.
Higgs boson mass [GeV] Exp. +2σ +1σ −1σ −2σ Obs.
110 1.04 1.93 1.44 0.75 0.56 0.87
115 1.16 2.17 1.62 0.84 0.62 0.85
120 1.36 2.54 1.89 0.98 0.73 1.49
125 1.65 3.09 2.30 1.19 0.89 2.07
130 2.02 3.77 2.81 1.46 1.09 2.91
135 2.72 5.08 3.79 1.96 1.46 4.14
140 3.66 6.82 5.09 2.63 1.96 5.07
Table 6.2: 95% confidence upper limit on the ratio of σ/σSM for the 0-lepton

































 Ldt = 20.3 fb∫ = 8 TeV,  s
Figure 6.10: 95% confidence upper limit on the ratio of σ/σSM for the 2-lepton
channel for a range of possible Higgs boson masses.
Higgs boson mass [GeV] Exp. +2σ +1σ −1σ −2σ Obs.
110 1.62 3.01 2.25 1.16 0.87 1.59
115 1.82 3.39 2.53 1.31 0.97 1.63
120 2.08 3.88 2.89 1.50 1.12 2.45
125 2.54 4.73 3.53 1.83 1.36 2.93
130 3.08 5.75 4.29 2.22 1.65 3.07
135 4.08 7.61 5.68 2.94 2.19 4.40
140 5.61 10.47 7.81 4.04 3.01 6.83
Table 6.3: 95% confidence upper limit on the ratio of σ/σSM for the 2-lepton
channel for a range of possible Higgs boson masses.
When all three V H → bb̄ channels are combined, the overall 95% confidence
upper limit on the ratio of σ/σSM is calculated, and is shown in figure 6.11. The
limits for each of the tested Higgs boson masses are listed in table 6.4. The
number of events in data and for each background, in the signal regions after the
global fit has been performed, are listed in table 6.5. Dominant post-fit systematic
uncertainties for the mH = 125 GeV mass point are given in appendix J.
The combined 0, 1, and 2-lepton results show an excess of events in data,
compared to the expected Standard Model prediction. The largest excess,
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Figure 6.11: 95% confidence upper limit on the ratio of σ/σSM for the 0, 1, and
2-lepton channels combined for a range of possible Higgs boson masses.
Higgs boson mass [GeV] Exp. +2σ +1σ −1σ −2σ Obs.
110 0.66 1.23 0.92 0.48 0.35 0.76
115 0.73 1.37 1.02 0.53 0.39 0.78
120 0.85 1.58 1.18 0.61 0.45 1.43
125 1.07 1.99 1.49 0.77 0.57 2.16
130 1.30 2.42 1.80 0.93 0.70 2.50
135 1.72 3.21 2.40 1.24 0.92 3.00
140 2.39 4.47 3.33 1.73 1.29 3.88
Table 6.4: 95% confidence upper limit on the ratio of σ/σSM for the 0, 1, and
2-lepton channels combined for a range of possible Higgs boson masses.
compared to the expected Standard Model prediction, occurs with a Higgs boson
mass of 125 GeV. Additionally, a Standard model Higgs boson with a mass
between 110 GeV and 115 GeV has been excluded.
For a Standard Model Higgs boson with a mass of 125 GeV, the observed
(expected) 95% confidence upper limit on the ratio of σ/σSM in the combination
of the 0, 1, and 2-lepton channels is 2.16 (1.07).
The best fit value of the signal strength µ = σ/σSM, where σSM is the predicted
cross section of a Standard Model Higgs boson with a mass of mH = 125 GeV,
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6.4. Combined Results
is shown is figure 6.12. The best fit signal strength in the 1-lepton channel is
µ = 2.22 +0.66−0.64 (stat)
+0.76
−0.60 (syst) = 2.22
+1.01
−0.88. The best fit signal strength in the
combination of the 0, 1, and 2-lepton channels is µ = 1.09 +0.43−0.42 (stat)
+0.44
−0.37 (syst) =
1.09 +0.61−0.56. The combined results are consistent with a Standard Model Higgs
boson (µ = 1).
Figure 6.12: Best fit value of the signal strength µ = σ/σSM, where σSM is
the predicted cross section of a Standard Model Higgs boson with a mass of
mH = 125 GeV.
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6.4. Combined Results
Process Number of Events
Data 9787.0 ± 98.9
qq̄ → WH 37.9 ± 4.9
qq̄ → ZH 26.0 ± 9.4
gg → ZH 3.6 ± 1.7
W + jets 2523.9 ± 79.1
Z + jets 1678.2 ± 244.4
WW 40.3 ± 2.5
WZ 105.8 ± 9.8
ZZ 103.9 ± 31.7
QCD multijet 164.0 ± 8.2
Top-quark:
tt̄ 3654.6 ± 219.8
t-channel 227.9 ± 12.1
s-channel 116.9 ± 8.2
Wt-channel 338.4 ± 21.8
Total background 8953.89 ± 12.85
Total signal 67.53 ± 10.74
Table 6.5: Number of events in data, and in signal and background models,
in signal regions after final data selection, post-fit. These numbers are for





A Standard Model Higgs boson has not been observed being produced in
association with a vector boson and decaying to a pair of b-quarks.
For a Standard Model Higgs boson with a mass of 125 GeV, the observed
(expected) 95% confidence upper limit on the ratio of σ/σSM in the 1-lepton
channel is 3.97 (1.65), and in the combination of the 0, 1, and 2-lepton channels
is 2.16 (1.07).
A Standard Model Higgs boson with a mass between 110 GeV and 115 GeV
has been excluded.
For a Standard Model Higgs boson with a mass of 125 GeV, the best fit signal
strength in the 1-lepton channel is µ = 2.22 +0.66−0.64 (stat)
+0.76
−0.60 (syst) = 2.22
+1.01
−0.88,
and the best fit signal strength in the combination of the 0, 1, and 2-lepton
channels is µ = 1.09 +0.43−0.42 (stat)
+0.44
−0.37 (syst) = 1.09
+0.61
−0.56. The combined results
are consistent with a Standard Model Higgs boson with a mass of 125 GeV.
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Chapter 7
WH Triggers For Run 2
7.1 Introduction
When the LHC begins colliding protons in 2015 (referred to as ‘Run 2’) it will
do so at higher energy and with higher luminosity than ever before. This will
result in more collisions per bunch crossing (‘pile-up’) than ever before. These
increases will make triggering on charged leptons with the ATLAS detector more
challenging. In order to maintain the 2012 lepton trigger pT thresholds at ATLAS
an upgrade to the triggers would be required, costing roughly 1M CHF. Without
this upgrade the single lepton trigger pT thresholds will have to be set higher.
The effects on the ATLAS WH H → bb̄ analysis of such higher thresholds is
presented in section 7.2. If the triggers are not upgraded and the ATLAS WH
H → bb̄ analysis can not be performed with the resulting single lepton triggers,
then alternative triggering strategies must be developed. Such alternatives are
discussed in section 7.3.
7.2 Single Lepton Trigger Thresholds
7.2.1 Method
The analysis framework used for [110] was modified to include a minimum pT cut
on all signal leptons in order to emulate a minimum lepton trigger pT threshold.
The full WH H → bb̄ analysis was then rerun with this code, with different values
for the signal lepton minimum pT cut; 25 GeV to 50 GeV in 5 GeV increments.
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7.2. Single Lepton Trigger Thresholds
The standard 2012 analysis [110] (without the additional signal lepton minimum
pT cut) was also run for comparison.
One caveat in this approach is that applying an analysis level lepton pT cut is
not the same as having a trigger level pT cut, but is comparable to within lepton
pT resolution at trigger and analysis level.
By comparing the cross-sections of Monte Carlo samples after all analysis cuts
between a given analysis with a signal lepton minimum pT cut and the control
analysis, it is possible to discern the effects of that signal lepton minimum pT
cut. The fraction of signal events remaining, the fraction of background events
remaining and the change in significance were calculated for each value of signal
lepton minimum pT cut. Significances were calculated in each mbb̄ (reconstructed
Higgs candidate mass / di-jet mass) bin and then summed in quadrature.
Control tests were performed by setting the signal lepton minimum pT cut
to 0 GeV and comparing results to the default analysis that does not contain
emulated triggers [110].
Data Used
Monte Carlo samples listed in table 7.1 were used in this analysis. These are the
same samples used in [110]. 20.3 fb−1 of
√
s = 8 TeV proton proton collision data
was analysed in this analysis. The collisions were provided by the LHC in 2012
with stable beam conditions. The data was collected with the ATLAS detector
where all subsystems were running and providing high-quality data. This is the
same 2012 data used in [110].
Calculation Of Uncertainties
Acceptance
For both both signal and background acceptance, the following is used to
calculate the uncertainty on an acceptance value.





where NControl is the number of events passing the standard analysis being
used as a control, hereafter referred to as the ‘control analysis’, and NCut is the
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WH Pythia 8.160 300 k
ZH Pythia 8.160 300 k
W→`ν Sherpa 1.4.1 168 M 10.97 nb
Z/γ→`+`− Sherpa 1.4.1 42 M 1.24 nb
Z/γ→νν̄ Sherpa 1.4.1 77 M 6.71 nb
WW Herwig 6.510 10 M 55.43 pb
WZ Herwig 6.510 20 M 22.69 pb
ZZ Herwig 6.510 7.5 M 77.70 pb
Top-quark:
tt̄ Powheg Box+PYTHIA6 75 M 238.06 pb
t-channel AcerMC 9 M 87.76 pb
s-channel Powheg Box+PYTHIA6 6 M 5.61 pb
Wt-channel Powheg Box+PYTHIA6 20 M 22.37 pb
Table 7.1: Monte Carlo samples used in trigger studies presented in this thesis.
For signal samples, mH = 125 GeV.
number of events passing the analysis when an additional signal lepton pT cut is
applied, hereafter referred to as the ‘cut analysis’.



















where Ωi is the significance for bin i, and the sum is over all N bins.
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Where Si is the number of signal events in mbb̄ bin i, Bi is the number of
background events in bin i. If Sj = 0 and Bj = 0 for any bin j, then Ωj is taken
to be equal to 0.

































































































Results are presented split into different bins of pWT as in the analysis [110]. This
pWT binning allows the analysis to be optimised separately in each p
W
T bin, leading
to an increase in overall analysis sensitivity.
Control
Control tests were performed by setting the signal lepton minimum pT cut
to 0 GeV and comparing results to the default analysis that does not contain
emulated triggers [110]. The control results were found to be identical to the
results of the default analysis, showing that the trigger emulation was not
introducing any unexpected or unwanted behaviour.
Figures 7.1 and 7.2 show the mbb̄ distributions for the control analyses in,
respectively, the electron and muon channels.
Effects On Signal
Tables 7.2 and 7.3 show the effects on signal acceptance of different signal lepton
pT cuts.
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7.2. Single Lepton Trigger Thresholds
mbb [GeV]


















































 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.1: mbb̄ distribution, for mH = 125 GeV, for control analysis in the
electron channel.
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mbb [GeV]
















































 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.2: mbb̄ distribution, for mH = 125 GeV, for control analysis in the muon
channel.
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7.2. Single Lepton Trigger Thresholds
Effects On Background
Tables 7.4 and 7.5 show the effects on background acceptance of different signal
lepton pT cuts.
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7.2. Single Lepton Trigger Thresholds
Effects On Significance
Figures 7.3, 7.4, 7.5, 7.6, 7.7, 7.8, and 7.9 show the effects on mbb̄ distributions
of different signal lepton pT cuts.
mbb [GeV]


















































 L dt = 20.3 fb∫ = 8 TeVs
mbb [GeV]
















































 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.3: mbb̄ distributions, for mH = 125 GeV, for control analysis in the
electron (left) and muon (right) channels.
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 L dt = 20.3 fb∫ = 8 TeVs
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.4: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 25 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
Tables 7.6 and 7.7 show the effects on significance of different signal lepton
pT cuts.
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mbb [GeV]

















































 L dt = 20.3 fb∫ = 8 TeVs
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.5: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 30 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
mbb [GeV]
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.6: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 35 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.7: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 40 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
mbb [GeV]














































 L dt = 20.3 fb∫ = 8 TeVs
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.8: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 45 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
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 L dt = 20.3 fb∫ = 8 TeVs
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 L dt = 20.3 fb∫ = 8 TeVs
Figure 7.9: mbb̄ distributions, for mH = 125 GeV, for an analysis with a 50 GeV
minimum signal lepton pT cut, in the electron (left) and muon (right) channels.
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7.3. Lepton Plus Jets Triggers
7.3 Lepton Plus Jets Triggers
7.3.1 Introduction
If the ATLAS WH H → bb̄ analysis can not be performed with the single lepton
triggers available in run 2, then alternative triggering strategies will be required.
Lepton plus jet triggers present a possible alternative to single lepton triggers
for the WH H → bb̄ analysis as the WH H → bb̄ final state contains two
jets coming from the Higgs decay in addition to the lepton from the decay of
the W , resulting in a certain fraction of signal events passing lepton plus jets
triggers. Also, by requiring jets with pT above a certain threshold, the pT
threshold requirement on the lepton can be lowered, while still maintaining a
manageable trigger rate.
7.3.2 Method
The analysis framework used for [110] was modified to include a minimum pT cut
on all signal leptons in order to emulate a minimum lepton trigger pT threshold.
It was also modified to include a minimum pT cut on all jets in order to emulate a
minimum jet trigger pT threshold. The full WH H → bb̄ analysis was then rerun
with this code, with different values for the signal lepton and jet minimum pT cuts
in order to emulate different Run 2 trigger options. In addition to emulating single
Run 2 triggers, logical ORs of Run 2 triggers were also implemented and tested.
The standard analysis (without the additional signal lepton and jet minimum pT
cuts) was also run for comparison. Run 2 lepton plus jets triggers considered are
listed in table 7.8.
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7.3. Lepton Plus Jets Triggers
One caveat in this approach is that applying an analysis level lepton pT cut is
not the same as having a trigger level pT cut, but is comparable to within lepton
pT resolution at trigger and analysis level. Likewise, applying an analysis level
jet pT cut is not the same as having a trigger level pT cut, but is comparable to
within jet pT resolution at trigger and analysis level.
In order to better estimate the effects on signal acceptance of the proposed
Run 2 triggers, 14 TeV WH H → bb̄ signal Monte Carlo samples were used. These
samples also included high pile-up (µ = 80) as is expected in LHC conditions
during Run 2.
Unfortunately no background 14 TeV Monte Carlo samples with high (µ = 80,
where µ is the average number of proton-proton collisions per bunch-crossing.)
pile-up were available. For significance estimations, the 8 TeV samples listed
in table 7.1 were therefore used. Significances were calculated in each mbb̄
(reconstructed Higgs candidate mass / di-jet mass) bin and then summed in
quadrature.
Control tests were performed by setting the signal lepton and jet minimum pT
cuts to 0 GeV and comparing results to the default analysis that does not contain
emulated triggers [110].
7.3.3 Results
Tables 7.9 and 7.10, respectively for the electron and muon channels, show the
fraction of 14 TeV WH H → bb̄ signal events remaining, for mH = 125 GeV,
after applying emulated Run 2 triggers, compared to the 2012 analysis [110].
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7.3. Lepton Plus Jets Triggers
Tables 7.11 and 7.12 show the effects on significance of different emulated
Run 2 trigger combinations, using 8 TeV samples for both signal and backgrounds.
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From studies into single lepton trigger thresholds (Section 7.2) we see that as the
single lepton trigger thresholds are increased, signal and background acceptances
decrease. We also see that signal acceptance decreases more in the lower pWT
bins than in the higher pWT bins as single lepton trigger thresholds are increased.
Significance increases as pWT increases, for all single lepton trigger thresholds. As
single lepton trigger thresholds increase, sensitivity decreases. The sensitivity
decreases more in lower pWT bins than in higher p
W
T bins. Increasing the single
lepton trigger thresholds appears to have a small effect on sensitivity in the
higher pWT bins. Sensitivity even appears to increase for some data points, when
compared to the 2012 analysis [110], however these increases are within statistical
uncertainty and so can not be assumed to be anything more than statistical
fluctuations.
Since the overall sensitivity for the analysis [110] can be found by combining
the sensitivity of all bins in quadrature, bins with higher sensitivity contribute
more to the overall sensitivity of the analysis. As such, although there is larger
signal and sensitivity loss in lower pWT bins as single lepton trigger thresholds
increase, this has a smaller impact on overall sensitivity since these are the lower
sensitivity bins of the analysis.
What level of signal loss is acceptable is a subjective question, but a reasonable
choice would be to have no more than a 20% loss of signal in high-sensitivity
analysis bins. From this we see that a single lepton trigger thresholds of 50 GeV
seem reasonable. If we also prescribe a loss in overall sensitivity of no more than
20% then we also see that in the muon channel a single lepton trigger threshold
of 50 GeV is at the limit of what is acceptable. In the electron channel a single
lepton trigger threshold of 50 GeV gives an acceptable sensitivity. From the trend
of changing overall sensitivity with changing single lepton trigger threshold in the
electron channel, it is possible that in this channel a single lepton trigger threshold
of more than 50 GeV may also give an acceptable sensitivity. Further study would
be required to determine this though.
Studies of proposed Run 2 Lepton Plus Jets Triggers (section 7.3) also show
that signal acceptance and significance increase with increased pWT . As would
be expected, doing a logical OR of multiple triggers increases signal acceptance
compared to the individual triggers.
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7.4. Conclusion
Proposed Run 2 triggers allow for 2 scenarios: One where the EF trigger
output rate is limited to 500 Hz, and another (more expensive to implement,
costing roughly 1M CHF) scenario where the EF trigger output rate is limited to
1 kHz.
In the 1 kHz scenario, the lowest-pT trigger thresholds for unprescaled single
lepton triggers are 28 GeV for electrons and 24 GeV for muons. Clearly these
thresholds are suitably low for the WH H → bb̄ analysis.
The questions then remains as to whether the 500 Hz scenario is also suitable,
or whether more money will need to be spent to implement the 1 kHz scenario.
In the 500 Hz scenario, the lowest-pT trigger thresholds for unprescaled single
lepton triggers are 60 GeV for electrons and 50 GeV for muons. These thresholds
are on the limit of what is acceptable for the WH H → bb̄ analysis. In the
500 Hz scenario it would therefore be useful to include lepton-plus-jet triggers in
the WH H → bb̄ analysis for increased sensitivity and signal acceptance.
Ultimately the choice of which triggers to use in the Run 2 WH H → bb̄
analysis will be based on the relevant costs and benefits. The benefits will be
increased sensitivity and signal acceptance. The main cost will be the added
complexity to the analysis; primarily the 2nElTrig + 2nMuTrig−1 trigger scale factors
that will be required (where nElTrig and nMuTrig are the number of electron-
channel and muon-channel triggers used in the analysis). In a scenario where
the available single lepton triggers will not, or cannot be guaranteed to, allow
sufficient signal acceptance and significance, then the benefits of using extra
triggers will outweigh the costs. However if available single lepton triggers will
allow sufficient signal acceptance and significance, then it could well be argued
that the costs of including extra triggers will outweigh the benefits. In both cases,
the definition of ‘sufficient’ signal acceptance and significance is subjective, but
could be reasonably take to be ‘sufficient to allow an observation of a 125 GeV
Higgs boson decaying to a b-quark pair’.
Another way to look at the problem here is to consider that the choice of which
triggers will be available (including the choice of their pT thresholds) in Run 2
will decide what selection of triggers will be required to achieve sufficient signal
acceptance and significance in the WH H → bb̄ analysis. The choice will then be
(when considering the choice between the 500 Hz and 1 kHz trigger scenarios) a




pp → WH → `νbb̄ is an important channel in the search for a Higgs boson
decaying to a b-quark pair with the ATLAS detector. Systematic uncertainties
on the pp → WH → `νbb̄ signal process have been calculated and presented
in chapter 5, and used in setting upper limits on V H → bb̄ production rate, as
presented in chapter 6.
A Standard Model Higgs boson is not observed decaying to b-quark pairs, and
a Standard Model Higgs boson with a mass of between 110 GeV and 115 GeV
is excluded. For a Standard Model Higgs boson with a mass of 125 GeV, the
observed (expected) upper limit on the cross-section times the branching ratio
is found to be 2.16 (1.07) times the Standard Model prediction, and the best fit
signal strength is µ = 1.09 +0.43−0.42 (stat)
+0.44
−0.37 (syst) = 1.09
+0.61
−0.56. These results are
consistent with a Standard Model Higgs boson with a mass of 125 GeV.
Determining whether the recently discovered Higgs boson does decay to
b-quark pairs will require further study, and the collection of more data with
the ATLAS detector. In order to collect suitable data for this purpose, suitable
triggers will be required. This has been studied, and suitable future triggering
strategies have been presented in chapter 7.
This work combines with the work of others in the ATLAS collaboration
and particle physics community-wide effort to determine whether the recently
discovered boson with a mass of about 125 GeV [3, 4] is the Standard Model
Higgs boson.
It is just one part too of the larger ongoing effort by particle physics and
science in general to further human understanding.
It is part of mankind’s continuing quest to know what Timaeus claimed is
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Figure A.1: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Two-jet final
states are included. Error bars show statistical uncertainty.
mbb [GeV]























Figure A.2: Signal acceptance, for theWH → `νbb̄ analysis, withmH = 125 GeV,


























Figure A.3: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Three-jet final
states are included. Error bars show statistical uncertainty.
mbb [GeV]





















Figure A.4: Signal acceptance, for theWH → `νbb̄ analysis, withmH = 125 GeV,























Figure A.5: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Njets ≥ 3 final
states are included. Error bars show statistical uncertainty.
mbb [GeV]



















Figure A.6: Signal acceptance, for theWH → `νbb̄ analysis, withmH = 125 GeV,

























Figure A.7: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied and different scale factors. Njets ≥ 4 final
states are included. Error bars show statistical uncertainty.
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Figure A.8: Signal acceptance, for theWH → `νbb̄ analysis, withmH = 125 GeV,





































Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure A.9: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, not taking account of logarithmic
cancellations, on the cross sections σasc and σinclusive, and the acceptance A. Two-
jet final states are included. Error bars show statistical uncertainty.
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Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure A.10: Systematic uncertainties arising from scale factors, for the
WH → `νbb̄ analysis, with mH = 125 GeV, not taking account of logarithmic
cancellations, on the cross sections σasc and σinclusive, and the acceptance A.



































Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure A.11: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, taking account of logarithmic cancellations,
on the cross sections σasc and σinclusive, and the acceptance A. Two-jet final states
are included. Error bars show statistical uncertainty.
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Systematic Uncertainty Arising From Scale Factors
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure A.12: Systematic uncertainties arising from scale factors, for the WH →
`νbb̄ analysis, with mH = 125 GeV, taking account of logarithmic cancellations,
on the cross sections σasc and σinclusive, and the acceptance A. Three-jet final





































Powheg CT10_0 reweighted to MSTW_0
Powheg CT10_0 reweighted to NNPDF_0
aMC@NLO CT10_0
aMC@NLO CT10_0 reweighted to MSTW_0




Figure B.1: mbb̄ distributions, for mH = 125 GeV, with different event generator
and PDF set central members. Analysis event selection criteria have been applied.
Two-jet final states are included. Error bars show statistical uncertainty.
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Powheg CT10_0 reweighted to MSTW_0
Powheg CT10_0 reweighted to NNPDF_0
aMC@NLO CT10_0
aMC@NLO CT10_0 reweighted to MSTW_0




Figure B.2: mbb̄ distributions, for mH = 125 GeV, with different event generator
and PDF set central members. Analysis event selection criteria have been applied.


























Ratios Of PDF Set Central Members With Different Generators
Pythia8 LHAPDF MSTW_0 relative to CT10_0
Pythia8 LHAPDF NNPDF23_0 relative to CT10_0
Powheg LHAPDF MSTW_0 relative to CT10_0
Powheg LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO LHAPDF MSTW_0 relative to CT10_0
aMC@NLO LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO separately generated samples, MSTW_0 relative to CT10_0
aMC@NLO separately generated samples, NNPDF23_0 relative to CT10_0
Figure B.3: Ratios of mbb̄ distributions, for mH = 125 GeV, with different event
generator and PDF set central members. Analysis event selection criteria have
been applied. Two-jet final states are included. Error bars show statistical
uncertainty.
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Ratios Of PDF Set Central Members With Different Generators
Pythia8 LHAPDF MSTW_0 relative to CT10_0
Pythia8 LHAPDF NNPDF23_0 relative to CT10_0
Powheg LHAPDF MSTW_0 relative to CT10_0
Powheg LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO LHAPDF MSTW_0 relative to CT10_0
aMC@NLO LHAPDF NNPDF23_0 relative to CT10_0
aMC@NLO separately generated samples, MSTW_0 relative to CT10_0
aMC@NLO separately generated samples, NNPDF23_0 relative to CT10_0
Figure B.4: Ratios of mbb̄ distributions, for mH = 125 GeV, with different event
generator and PDF set central members. Analysis event selection criteria have




B.1.2 Cross-Sections And Acceptances
mbb [GeV]




















mbb Cross-Section With Systematic Uncertainty Arising From PDFs
Pythia8 LHAPDF reweighting PDF uncertainty bands
Powheg LHAPDF reweighting PDF uncertainty bands
aMC@NLO LHAPDF reweighting PDF uncertainty bands
aMC@NLO internal reweighting PDF uncertainty bands
Figure B.5: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Systematic uncertainty is shown
as a band for each PDF set. Error bars on each band show the statistical
uncertainty.
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mbb Cross-Section With Systematic Uncertainty Arising From PDFs
Pythia8 LHAPDF reweighting PDF uncertainty bands
Powheg LHAPDF reweighting PDF uncertainty bands
aMC@NLO LHAPDF reweighting PDF uncertainty bands
aMC@NLO internal reweighting PDF uncertainty bands
Figure B.6: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Three-jet final states are included. Systematic uncertainty is shown
























Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.7: Signal acceptance for the ‘Pythia8’ samples set. Two-jet final states
are included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.8: Signal acceptance for the ‘Pythia8’ samples set. Three-jet final states
are included. Systematic uncertainty is shown as a band for each PDF set. Error






















Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.9: Signal acceptance for the ‘Powheg’ samples set. Two-jet final states
are included. Systematic uncertainty is shown as a band for each PDF set. Error
bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.10: Signal acceptance for the ‘Powheg’ samples set. Three-jet final
states are included. Systematic uncertainty is shown as a band for each PDF set.





















Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.11: Signal acceptance for the ‘aMC@NLO’ samples set. Two-jet final
states are included. Systematic uncertainty is shown as a band for each PDF set.
Error bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.12: Signal acceptance for the ‘aMC@NLO’ samples set. Three-jet final
states are included. Systematic uncertainty is shown as a band for each PDF set.





















Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.13: Signal acceptance for the ‘aMC@NLO-internal’ samples set. Two-
jet final states are included. Systematic uncertainty is shown as a band for each
PDF set. Error bars on each band show the statistical uncertainty.
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Signal Acceptance With Systematic Uncertainty Arising From PDFs
CT10 PDF uncertainty band
MSTW2008 PDF uncertainty band
NNPDF2.3 PDF uncertainty band
Figure B.14: Signal acceptance for the ‘aMC@NLO-internal’ samples set. Three-
jet final states are included. Systematic uncertainty is shown as a band for each


























Systematic Uncertainty On Cross-Section Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure B.15: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for different sample sets. Two-jet final states are
included. Error bars show statistical uncertainty.
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Systematic Uncertainty On Cross-Section Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure B.16: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for different sample sets. Three-jet final states are


























Uncertainty On Signal Acceptance Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure B.17: Systematic uncertainties on signal acceptance for different sample
sets. Two-jet final states are included. Error bars show statistical uncertainty.
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Uncertainty On Signal Acceptance Arising From PDFs
Pythia8 LHAPDF NLO-PDF reweighting uncertainty bands
Powheg LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO LHAPDF NLO-PDF reweighting uncertainty bands
aMC@NLO internal NLO-PDF reweighting uncertainty bands
Figure B.18: Systematic uncertainties on signal acceptance for different sample
sets. Three-jet final states are included. Error bars show statistical uncertainty.
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B.1. Results
B.1.4 Study Of aMC@NLO Internal Reweighting Results
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mbb PDF Error-Bands for CT10nlo
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.19: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the CT10nlo PDF set. Distributions for aMC@NLO
reweighted with LHAPDF, and for aMC@NLO internally reweighted, are shown.































mbb PDF Error-Bands for CT10nlo
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.20: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the CT10nlo PDF set. Distributions for aMC@NLO
reweighted with LHAPDF, and for aMC@NLO internally reweighted, are shown.
Two-jet final states are included. Error bars show statistical uncertainty.
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mbb PDF Error-Bands for CT10nlo
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.21: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the CT10nlo PDF set. Distributions for aMC@NLO
reweighted with LHAPDF, and for aMC@NLO internally reweighted, are shown.






























mbb PDF Error-Bands for MSTW2008nlo68cl
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.22: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the MSTW2008nlo68cl PDF set. Distributions for
aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally reweighted,
are shown. Two and three-jet final states are included. Error bars show statistical
uncertainty.
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mbb PDF Error-Bands for MSTW2008nlo68cl
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.23: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the MSTW2008nlo68cl PDF set. Distributions for
aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally reweighted,































mbb PDF Error-Bands for MSTW2008nlo68cl
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.24: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the MSTW2008nlo68cl PDF set. Distributions for
aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally reweighted,
are shown. Three-jet final states are included. Error bars show statistical
uncertainty.
mbb [GeV]


























mbb PDF Error-Bands for NNPDF23_nlo_as_0119
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.25: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the NNPDF23 nlo as 0119 PDF set. Distributions
for aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally































mbb PDF Error-Bands for NNPDF23_nlo_as_0119
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.26: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the NNPDF23 nlo as 0119 PDF set. Distributions
for aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally
reweighted, are shown. Two-jet final states are included. Error bars show
statistical uncertainty.
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mbb PDF Error-Bands for NNPDF23_nlo_as_0119
aMC@NLO LHAPDF NLO-PDF reweighting error bands
aMC@NLO internal NLO-PDF reweighting error bands
Figure B.27: Systematic uncertainties on signal cross-section, with analysis
selection criteria applied, for the NNPDF23 nlo as 0119 PDF set. Distributions
for aMC@NLO reweighted with LHAPDF, and for aMC@NLO internally




























Uncertainty On Signal Cross-Section Arising From PDFs
Figure B.28: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, withmH = 125 GeV, with analysis selection criteria applied, for different
sample sets. Two-jet final states are included.
Generator Type






















Uncertainty On Signal Cross-Section Arising From PDFs
Figure B.29: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, withmH = 125 GeV, with analysis selection criteria applied, for different






























Uncertainty On Signal Acceptance Arising From PDFs
Figure B.30: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two-jet final states are
included.
Generator Type


























Uncertainty On Signal Acceptance Arising From PDFs
Figure B.31: Systematic uncertainties on signal acceptance, for the WH → `νbb̄





From αs - Additional Information
C.1 Results
C.1.1 Cross-Sections And Acceptances
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sαmbb Cross-Section With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure C.1: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Systematic uncertainty is shown
























sαmbb Cross-Section With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure C.2: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Three-jet final states are included. Systematic uncertainty is shown
as a band for each sample set. Error bars on each band show the statistical
uncertainty.
mbb [GeV]
















sαSignal Acceptance With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure C.3: Signal acceptance, for different samples sets. Two-jet final states are
included. Systematic uncertainty is shown as a band for each sample set. Error




















sαSignal Acceptance With Systematic Uncertainty Arising From 
Powheg alpha_s linear uncertainty band
aMCatNLO alpha_s linear uncertainty band
Figure C.4: Signal acceptance, for different samples sets. Three-jet final states
are included. Systematic uncertainty is shown as a band for each sample set.































sαSystematic Uncertainty On Cross-Section Arising From 
Powheg   alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure C.5: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with analysis selection criteria applied, for
different sample sets. Two-jet final states are included. Error bars show statistical
uncertainty.
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sαSystematic Uncertainty On Cross-Section Arising From 
Powheg   alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure C.6: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, withmH = 125 GeV, with analysis selection criteria applied, for different































sαSystematic Uncertainty On Signal Acceptance Arising From 
Powheg alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure C.7: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two-jet final states are
included. Error bars show statistical uncertainty.
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sαSystematic Uncertainty On Signal Acceptance Arising From 
Powheg alpha_s linear uncertainty
aMCatNLO alpha_s linear uncertainty
Figure C.8: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Three-jet final states are
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sαmbb Cross-Section With Systematic Uncertainty Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure D.1: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Systematic uncertainty is shown
as a band for each sample set. Error bars on each band show the statistical
uncertainty.
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sαmbb Cross-Section With Systematic Uncertainty Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure D.2: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Three-jet final states are included. Systematic uncertainty is shown





















sαSignal Acceptance With Systematic Uncertainty Arising From PDFs And 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure D.3: Signal acceptance, for different samples sets. Two-jet final states are
included. Systematic uncertainty is shown as a band for each sample set. Error
bars on each band show the statistical uncertainty.
mbb [GeV]
















sαSignal Acceptance With Systematic Uncertainty Arising From PDFs And 
aMCatNLO pdf + Powheg alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty band
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty band
Figure D.4: Signal acceptance, for different samples sets. Three-jet final states
are included. Systematic uncertainty is shown as a band for each sample set.































sαSystematic Uncertainty On Cross-Section Arising From PDF and 
aMCatNLO pdf + Powheg   alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure D.5: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with analysis selection criteria applied, for
different sample sets. Two-jet final states are included. Error bars show statistical
uncertainty.
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sαSystematic Uncertainty On Cross-Section Arising From PDF and 
aMCatNLO pdf + Powheg   alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure D.6: Systematic uncertainties on signal cross-section, for the WH → `νbb̄
analysis, withmH = 125 GeV, with analysis selection criteria applied, for different































sαSystematic Uncertainty On Signal Acceptance Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure D.7: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Two-jet final states are
included. Error bars show statistical uncertainty.
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sαSystematic Uncertainty On Signal Acceptance Arising From PDF and 
aMCatNLO pdf + Powheg alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s linear uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear LHAPDF NNPDF uncertainty
aMCatNLO pdf + aMCatNLO alpha_s nonlinear internal NNPDF uncertainty
Figure D.8: Systematic uncertainties on signal acceptance, for the WH → `νbb̄
analysis, with mH = 125 GeV, for different sample sets. Three-jet final states are






























mbb Distribution With Analysis Selection Criteria And With Different Event Generators
Powheg_Box+Pythia8
Herwig++ with internal Powheg method
Figure E.1: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Error bars show statistical
uncertainty.
mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With Different Event Generators
Powheg_Box+Pythia8
Herwig++ with internal Powheg method
Figure E.2: mbb̄ distributions, with analysis selection criteria applied, for different


























Herwig++ with internal Powheg method
Figure E.3: Signal acceptance, for different samples sets. Two-jet final states are
included. Error bars show statistical uncertainty.
mbb [GeV]




















Herwig++ with internal Powheg method
Figure E.4: Signal acceptance, for different samples sets. Three-jet final states




































Systematic Uncertainty Arising From Parton Showering And Hadronisation
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure E.5: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two-jet final states are included. Error bars show
statistical uncertainty.
mbb [GeV]































Systematic Uncertainty Arising From Parton Showering And Hadronisation
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure E.6: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria





From The Underlying Event -
Additional Information
F.1 Plateau Height Retuning MPI Uncertainty
Estimation Method
For different MPI-sensitive variables, a plateau is typically observed: as event
activity and hard subprocess energy increase, MPI activity and energy plateau
at a certain level. This is shown in figure F.1.
A more robust method for estimating systematic uncertainties arising from
MPI is to take the height of the underlying event plateau in real-world data, adjust
it by ±1σ, and then retune a Monte Carlo generator to these adjusted underlying
event plateau heights. Monte Carlo samples generated with this retuned generator
can then be compared to a standard (non-retuned) Monte Carlo sample. The
difference in a variable of interest between these samples is then an estimate
of the systematic uncertainty arising from MPI. The plateau height should be
raised by a factor of F+ > 1, and lowered by a factor of F− < 1, to correspond
to variations of ±1σ. Conservative values of F+ = 2 and F− = 1
2
can be used.
From underlying event studies in data [111] the ±1σ standard deviation on the
plateau height corresponds to F+ ' 1.05 and F− ' 0.95.
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F.1. Plateau Height Retuning MPI Uncertainty Estimation Method
Figure F.1: Plots of underlying event, MPI, activity for different underlying event-





pT/δηδφ〉, as a function of Z-boson transverse
momentum, pZT. Bottom: charged particle multiplicity density, 〈Nch/δηδφ〉, as a
function of Z-boson transverse momentum, pZT. From [111].
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F.1. Plateau Height Retuning MPI Uncertainty Estimation Method












where X0 is the value of X in the Monte Carlo sample tuned to the normal
UE plateau height. X+ is the value of X in the Monte Carlo sample tuned to the
UE plateau height ×F+. X− is the value of X in the Monte Carlo sample tuned
to the UE plateau height ×F−
Asymmetric uncertainties can also be computed:
∆+X = max
(









F.2. On-Off MPI Uncertainty Estimation Method
F.2 On-Off MPI Uncertainty Estimation Method
F.2.1 Introduction
A simple way to investigate the effects of MPI modelling is to switch this
modelling on and off. By comparing a variable of interest X generated with
MPI on (X(MPI on)) and MPI off (X(MPI off)), effects of MPI on X can be
inferred, and upper limits on the systematic uncertainties arising from MPI can
be set. For a variable X, the uncertainty is then given by,
∆X =
|X(MPI on) − X(MPI off)|
2
(F.4)
Samples Generated And Tested
Two samples were generated in order to study systematic uncertainties arising
from the underlying event with the on-off method. They are listed in table F.1.
Uncertainties are calculated according to equation F.4.
Sample Hard subprocess Showering Generated
MPI
set event generator event generator with PDF
‘MPI on’ Powheg Box Pythia8 CT10nlo CM Switched on
‘MPI off’ Powheg Box Pythia8 CT10nlo CM Switched off
Table F.1: Monte Carlo samples generated for the estimation of systematic
uncertainties arising from the underlying event with the on-off method. ‘CM’
means the Central Member of the PDF set.
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F.2. On-Off MPI Uncertainty Estimation Method
F.2.2 Results
Cross-Sections And Acceptances
Figure F.2 shows signal cross-section mbb̄ distributions without analysis selection
criteria applied. Figure F.3 shows the equivalent distributions with analysis
selection criteria applied for two and three-jet final states combined. Figure
F.4 shows signal acceptance for two and three-jet final states combined. Further
cross-section and acceptance plots are found in appendix F.3.1.
mbb [GeV]



















mbb Distribution Without Analysis Selection Criteria And With MPI On And Off
MPI On
MPI Off
Figure F.2: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
without analysis selection criteria applied, for different samples sets. Error bars
show statistical uncertainty.
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F.2. On-Off MPI Uncertainty Estimation Method
mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With MPI On And Off
MPI On
MPI Off
Figure F.3: mbb̄ distributions, for the WH → `νbb̄ analysis, with mH = 125 GeV,
with analysis selection criteria applied, for different samples sets. Two and three-
jet final states are included. Error bars show statistical uncertainty.
mbb [GeV]


















Figure F.4: Signal acceptance, for the WH → `νbb̄ analysis, with mH = 125 GeV,
for different samples sets. Two and three-jet final states are included. Error bars
show statistical uncertainty.
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F.2. On-Off MPI Uncertainty Estimation Method
Uncertainties
For two and three-jet final states, figure F.5 shows systematic uncertainties on
signal cross-section with and without analysis selection criteria applied, as well
as systematic uncertainties on signal acceptance. Equivalent distributions for
two-jet and three-jet final states are shown in appendix F.3.2.
mbb [GeV]































Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure F.5: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two and three-jet final states are included. Error bars
show statistical uncertainty.
When considering uncertainties, only a region with a large number of events
is chosen: the mbb̄ range of 60 GeV to 140 GeV around the Higgs mass peak. In
this region, no clear dependence of the uncertainties on mbb̄ is seen. An average
value for each uncertainty, for each sample set, is therefore calculated within the
range of 60 GeV ≥ mbb̄ ≥ 140 GeV.
Averaged systematic uncertainties are shown in table F.2.
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F.2. On-Off MPI Uncertainty Estimation Method
Njets bin σinclusive [pb] δσinclusive [%] σasc [pb] δσasc [%] A [%] δA [% of A]
2 and 3 0.0350 4.9 0.00524 6.0 15.0 3.7
2 0.0350 4.9 0.00356 6.3 10.2 3.2
3 0.0350 4.9 0.00169 5.6 4.8 4.5
Table F.2: Systematic uncertainties arising from the underlying event, calculated
using the on-off method, for the WH → `νbb̄ analysis, with mH = 125 GeV.
F.2.3 Conclusion
Systematic uncertainties arising from the underlying event have been calculated
using the on-off method and are shown in table F.2. These results can be taken
as upper limits on the systematic uncertainties due the underlying event.
For two and three-jet final states, the uncertainty on the inclusive cross-section
δσinclusive = 4.9%, the uncertainty on the cross section after analysis selection
criteria have been applied δσasc = 6.0%, and the uncertainty on signal acceptance
δA = 3.7%.
It should be noted that the MPI scaling method is a more robust method for
estimating systematic uncertainties arising from the underlying event than the
on-off method. The results from the MPI scaling method, as given in table 5.20,
are therefore used in the analysis presented in this thesis. The on-off method is
presented here for comparison.
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F.3 Additional Results For The On-Off Method
F.3.1 Cross-Sections And Acceptances
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mbb Distribution With Analysis Selection Criteria And With MPI On And Off
MPI On
MPI Off
Figure F.6: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Error bars show statistical
uncertainty.
mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With MPI On And Off
MPI On
MPI Off
Figure F.7: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Three-jet final states are included. Error bars show statistical
uncertainty.
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mbb [GeV]






















Figure F.8: Signal acceptance, for different samples sets. Two-jet final states are
included. Error bars show statistical uncertainty.
mbb [GeV]




















Figure F.9: Signal acceptance, for different samples sets. Three-jet final states
are included. Error bars show statistical uncertainty.
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F.3.2 Uncertainties
mbb [GeV]































Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure F.10: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two-jet final states are included. Error bars show
statistical uncertainty.
mbb [GeV]































Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure F.11: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Three-jet final states are included. Error bars show
statistical uncertainty.
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F.4 Additional Results For The MPI Scaling
Method
F.4.1 Cross-Sections And Acceptances
mbb [GeV]


















mbb Distribution With Analysis Selection Criteria And With Different MPI Scales
Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure F.12: mbb̄ distributions, with analysis selection criteria applied, for
different samples sets. Two-jet final states are included. Error bars show
statistical uncertainty.
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mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With Different MPI Scales
Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure F.13: mbb̄ distributions, with analysis selection criteria applied, for
different samples sets. Three-jet final states are included. Error bars show
statistical uncertainty.
mbb [GeV]




















Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure F.14: Signal acceptance, for different samples sets. Two-jet final states
are included. Error bars show statistical uncertainty.
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mbb [GeV]


















Powheg_Box+Pythia8 MPI Scale Normal
Powheg_Box+Pythia8 MPI Scale Up
Powheg_Box+Pythia8 MPI Scale Down
Figure F.15: Signal acceptance, for different samples sets. Three-jet final states
are included. Error bars show statistical uncertainty.
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F.4.2 Uncertainties
mbb [GeV]































Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure F.16: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two-jet final states are included. Error bars show
statistical uncertainty.
mbb [GeV]































Systematic Uncertainty Arising From MPI
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure F.17: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria





From QED Corrections -
Additional Information
G.1 Results





















mbb Distribution With Analysis Selection Criteria And With Different QED Corrections
Photos QED corrections
Pythia8 QED corrections
Figure G.1: mbb̄ distributions, with analysis selection criteria applied, for different
samples sets. Two-jet final states are included. Error bars show statistical
uncertainty.
mbb [GeV]

















mbb Distribution With Analysis Selection Criteria And With Different QED Corrections
Photos QED corrections
Pythia8 QED corrections
Figure G.2: mbb̄ distributions, with analysis selection criteria applied, for different



























Figure G.3: Signal acceptance, for different samples sets. Two-jet final states are
included. Error bars show statistical uncertainty.
mbb [GeV]




















Figure G.4: Signal acceptance, for different samples sets. Three-jet final states




































Systematic Uncertainty Arising From QED Corrections
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure G.5: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria
applied, and acceptance. Two-jet final states are included. Error bars show
statistical uncertainty.
mbb [GeV]































Systematic Uncertainty Arising From QED Corrections
With Analysis Selection Criteria
Without Analysis Selection Criteria
Signal Acceptance
Figure G.6: Systematic uncertainties on signal cross-section, for the WH →
`νbb̄ analysis, with mH = 125 GeV, with and without analysis selection criteria




Results Of The Search For The
Higgs Boson In The WH → bb̄
And V H → bb̄ Channels -
Additional Information
H.1 mbb̄ Distributions
Figures H.1, H.2, and H.3 show mbb̄ distributions, before and after the global
fit has been performed, respectively for the 0, 1, and 2-lepton channels. They
show the TT b-tagging regions with two jets in the final state and 90(100) GeV <
pVT < 120 GeV (where the 100 GeV lower bound is only in the 0-lepton channel,
as discussed in table 4.5).
Figures H.4, H.5, and H.6 show MV1c distributions, before and after the
global fit has been performed, respectively for the 0, 1, and 2-lepton channels.
They show the one-tag b-tagging regions with two jets in the final state and
pVT < 90(100) GeV (where the 100 GeV upper bound is only in the 0-lepton
channel, as discussed in table 4.5).
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H.1. mbb̄ Distributions





























Ldt = 20.3 fb∫ = 8 TeV s













































Ldt = 20.3 fb∫ = 8 TeV s















Figure H.1: mbb̄ distributions in the 0-lepton channel, 100 GeV < p
V
T < 120 GeV
bin, before and after the global fit. The two-jet, TT b-tagging region is shown.

































Ldt = 20.3 fb∫ = 8 TeV s
















































Ldt = 20.3 fb∫ = 8 TeV s















Figure H.2: mbb̄ distributions in the 1-lepton channel, 90 GeV < p
V
T < 120 GeV
bin, before and after the global fit. The two-jet, TT b-tagging region is shown.
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H.1. mbb̄ Distributions




























Ldt = 20.3 fb∫ = 8 TeV s












































Ldt = 20.3 fb∫ = 8 TeV s















Figure H.3: mbb̄ distributions in the 2-lepton channel, 90 GeV < p
V
T < 120 GeV

































Ldt = 20.3 fb∫ = 8 TeV s

















































Ldt = 20.3 fb∫ = 8 TeV s















80 70 60 50 0
Figure H.4: MV1c distributions in the 0-lepton channel, 100 GeV < pVT <
120 GeV bin, before (left) and after (right) the global fit. The two-jet, one-tag
































Ldt = 20.3 fb∫ = 8 TeV s












































Ldt = 20.3 fb∫ = 8 TeV s














80 70 60 50 0
Figure H.5: MV1c distributions in the 1-lepton channel, pVT < 90 GeV bin, before






























Ldt = 20.3 fb∫ = 8 TeV s











































Ldt = 20.3 fb∫ = 8 TeV s














80 70 60 50 0
Figure H.6: MV1c distributions in the 2-lepton channel, pVT < 90 GeV bin, before




Global Fit Nuisance Parameter
Pulls
Nuisance parameter pulls after the global fit, as defined in [110, 65], are shown
in figure I.1 for the 1-lepton channel, and figure I.2 for the combination of the 0,
1, and 2-lepton channels.
The nuisance parameter pulls corresponding to the theoretical systematic
uncertainties detailed in chapter 5 are shown to be close to zero. This indicates
that the theoretical systematic uncertainties detailed in chapter 5 were not
significantly altered by the fit, indicating that the values given in chapter 5 are































































































































































































































































































































































































































































Dominant systematic uncertainties and normalisation corrections factors, after
the global fit, as defined in [110, 65] and chapter 5, for mH = 125 GeV, are
shown in figure J.1 for the 0-lepton channel, figure J.2 for the 1-lepton channel,
figure J.3 for the 2-lepton channel, and figure J.4 for the combination of the 0, 1,
and 2-lepton channels. For each uncertainty and normalisation, the contributed
uncertainty on the fitted signal-strength parameter µ̂ is shown. The systematic
uncertainties are listed top to bottom in decreasing order of their contributed
uncertainty on µ̂ on the y-axis. The blue boxes show the variations of µ̂,
referring to the top x-axis, when fixing the corresponding individual nuisance
parameter θ to its post-fit value θ̂ modified upwards or downwards by its post-
fit one-σ uncertainty, and repeating the global fit. The hatched and open
blue boxes correspond to the upwards and downwards variations, respectively.
The filled circles, referring to the bottom x-axis, show the deviations of the
fitted nuisance parameters θ̂ from their pre-fit values θ0, expressed in terms
of standard deviations with respect to their pre-fit uncertainties ∆θ = ∆θ0.
The associated error bars show
σθ̂
σθ0
, the ratio of the post-fit uncertainties of
the nuisance parameters to their pre-fit uncertainties. The open circles with
their error bars, also referring to the bottom x-axis, show the fitted values and
uncertainties of the normalisation corrections factors that are allowed to float
freely in the global fit. The normalisation corrections factors have pre-fit values
of one. For further details of the global fit, µ̂, and nuisance parameters, see
chapter 5 section 4.7.
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Figure J.1: Dominant systematic uncertainties and normalisation corrections
factors, after the global fit, for mH = 125 GeV, for the 0-lepton channel.
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Figure J.2: Dominant systematic uncertainties and normalisation corrections
factors, after the global fit, for mH = 125 GeV, for the 1-lepton channel.
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Figure J.3: Dominant systematic uncertainties and normalisation corrections
factors, after the global fit, for mH = 125 GeV, for the 2-lepton channel.
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Figure J.4: Dominant systematic uncertainties and normalisation corrections
factors, after the global fit, for mH = 125 GeV, for the combination of the 0,
1, and 2-lepton channels.
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